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Polymer tribology gained great attention over recent decades, due to their advantages 
over other materials such as ceramics and metals, including but not limited to their lightness in 
weight, corrosion resistance, maintenance free status and inexpensiveness. In fact, the majority 
of polymer in their pristine form have a high coefficient of friction and low wear resistance, so 
they need to be modified to meet the requirements of such tribological applications like 
bushings and bearings. This study focuses on investigating the tribological and mechanical 
behaviours of eco-epoxy composites incorporating graphene nanoplatelets (GNPs) and flax 
fibre. The adhesive wear tests were conducted in a dry contact condition using block on ring 
(BOR) machine, covering the mild and severe wear regions. Scanning electron microscope 
(SEM) technique was used to study the fracture surfaces of tensile samples and worn surfaces 
of wear samples. 
First, an intensive characterisation of the effect of the GNPs filler to resin ratio on the 
mechanical and tribological properties of the epoxy matrix was evaluated. The additions of 
GNPs ranged from 0 wt. % to 4.5 wt. %. The results showed that GNPs addition has improved 
epoxy’s tribological behaviours, indicated by a significant reduction in the coefficient of 
friction (COF), specific wear rate (Ws) and the interface temperature. SEM observations 
showed a stable transfer film in the case of GNPs additions. Concerning the mechanical 
properties, GNPs improved the stiffness and the hardness of the epoxy matrix; however, the 
mechanical strength and fracture strain deteriorated. A correlation study between the 
mechanical and tribological behaviours considering the effect of applied loads was established 
and the results revealed that the applied load plays an important role in this relation. 
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          The effect of the various volume fraction (𝑉𝑓) of flax fibre on the adhesive wear 
performance of epoxy was investigated. The results indicated that the 𝑉𝑓 increase has the 
greatest influence on epoxy’s wear resistance. Flax/epoxy composite exhibited the best wear 
performance at the mild wear region, i.e., 15-30 N of the applied load. Whilst, at the severe 
wear region (45-60 N), it exhibited low wear resistance, mainly because of the epoxy’s low 
capacity to dissipate the heat at the rubbing zone. On the other hand, inclusion of GNPs resulted 
in higher wear resistance at both the mild and severe wear regions. This improvement 
highlighted the benefits of using GNPs as this has a high capability to improve polymers’ 
thermal conductivity and GNPs act as solid lubricant fillers at the same time. SEM 
investigations of the worn surfaces observed a transfer film in presence of GNPs. Ultimately, 
incorporating GNPs and flax fibres together into the epoxy matrix showed reasonable 
tribological behaviours with high mechanical performance. 
      One of the main objectives of this study was assessing the impact of the geometrical 
change of the block on ring (BOR) configuration on the wear process, using a FE approach. A 
two dimensional finite element (FE) model of BOR configuration was developed and validated 
with the experimental investigations, with less than ±15% error. Results revealed the 
geometrical change plays a crucial role in the wear process, leading to highly concentrated 
stress at a specific region on the wear profile. Accordingly, the wear profile was examined in 
terms of two main zones: the normal zone, subjected to the contact pressure; and the critical 
zone, where the mechanical stress was highly concentrated. Interestingly, SEM observations 
were consistent with this classification. Effects of GNPs and flax fibre were studied at both 
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Chapter 1: Introduction 
 
1.1. Background and motivation 
In tribological applications, Polymer offer attractive benefits over traditional materials, 
including good chemical and corrosion resistance, durability, greaseless, a maintenance free 
status, high strength/weight ratio, and so on (Akpan, Wetzel, & Friedrich, 2018; El-Sayed, El-
Sherbiny, Abo-El-Ezz, & Aggag, 1995; Tian, Zhang, & Zhang, 2017). However, thermoset 
polymers in their pristine form cannot provide high wear resistance with an optimum 
coefficient of friction (COF) for such applications (Briscoe & Sinha, 2008). On the other hand, 
polymers are easy materials to modify by various physical and chemical means in order to meet 
a particular application’s requirements. In this regard, tremendous efforts have been undertaken 
and are ongoing to improve the tribological performance of polymers, and their load-bearing 
capacity. 
Synthetic fibres such as carbon and glass fibres are widely used to improve polymers’ 
tribological and mechanical properties (Omrani, Barari, Dorri Moghadam, Rohatgi, & Pillai, 
2015; Sumer, Unal, & Mimaroglu, 2008; B. F. Yousif & El-Tayeb, 2008b; Y. Zhang, Zhu, Liu, 
Yang, & Wang, 2015). The effect of incorporating of synthetic fibres with various nanofillers 
on the mechanical and tribological properties of polymers is well investigated. However, using 
traditional synthetic fibres causes serious environmental issues due to their high disposal rate 
and difficulties in recycling, thus producing non-degradable waste (Pender & Yang, 2017; 
Shuaib & Mativenga, 2016). In the recent years, a new concept of green tribology was 
launched, taking into consideration energy, ecological balance, and biological and 
environmental impacts (Anand, Haq, Vohra, Raina, & Wani, 2017). Therefore, it is expected 
that substituting synthetic products with biodegradable and sustainable products can help to 
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address such environmental issues. Recently, natural fibres have begun to be used as alternative 
reinforcements in polymeric composites due to their main advantages of biodegradability, low 
weight and comparable strength to the synthetic fibres (Nirmal, Hashim, & Ahmad, 2015; 
Nirmal, Hashim, & Low, 2012). From an economic point of view, natural fibres have a lower 
cost compared to carbon. For instance, the cost of the natural fibres varies between US$200 
and US$1000/ton, while the carbon fibres cost varies from US$2200 to US$2700/ton 
(Väisänen, Das, & Tomppo, 2017). Many studies showed that natural fibres, such as bamboo 
(Nirmal et al., 2012), Grewia optiva (Bajpai, Singh, & Madaan, 2013), sugarcane and betel nut 
(B. F. Yousif, Lau, & McWilliam, 2010), can significantly enhance the wear performance of 
polymers. So far, the majority of these studies were focused on the effect of fibre orientation, 
treatment, the length of the fibre and the fibre volume fraction on polymers’ tribological and 
mechanical performance of polymers. However, concerning the coefficient of friction, it was 
noted that either marginal reduction occurred or it increased (El-Sayed et al., 1995; Gang, 2018; 
Rashid et al., 2017). It is necessary, therefore, to continue further investigation into bio-
composites to maximise their tribological performance, in order to broaden their applications.  
In recent decades, nanotechnology has been one of the most common means used to 
improve different properties of polymers. Nanofillers have a high aspect ratio, and thus a low 
content of nanofillers has a high potential to modify polymers’ properties. An extensive number 
of researchers have investigated the effect of different types of nanofillers on polymers’ 
tribological properties and promising results were reported (Bahadur & Sunkara, 2005; 
Baptista et al., 2016; Difallah, Kharrat, Dammak, & Monteil, 2012; B. Pan et al., 2012; 
Puértolas, Castro, Morris, Ríos, & Ansón-Casaos, 2019; A. Shalwan & Yousif, 2014; X. 
Zhang, Liao, Jin, Feng, & Jian, 2008; Zhou et al., 2018). Solid lubricant nanofillers such as 
graphite, graphene, polytetrafluoroethylene (PTFE) and molybdenum disulfide exhibited a 
significant reduction in polymers’ COF and an improvement of their wear resistance (Klaus 
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Friedrich & Schlarb, 2011; Masood et al., 2017). Carbon-based additives such as graphene and 
graphite are considered unique due to their high thermal conductivity. For instance, the thermal 
conductivity of graphene is 26,500 times higher than that of neat epoxy (Chinkanjanarot, 
Tomasi, King, & Odegard, 2018; F. Wang, Drzal, Qin, & Huang, 2015). The higher thermal 
conductivity of such fillers is expected to improve polymers’ thermal conductivity, which can 
contribute to a reduction in the frictional heat in the contact area. Moreover, improving 
polymers’ thermal properties can assist in widening the range of working temperatures. 
Although solid lubricant fillers alone offer good tribological behaviours for polymers, 
however, they usually result in a strength reduction and thus a diminished load-bearing capacity 
(Baptista et al., 2016; K. Friedrich, 2018; Klaus Friedrich & Schlarb, 2011). Load bearing 
capacity is practically important for such applications. To overcome this problem, recently, a 
combination of nanofillers and fibres were used–seeking improved tribological behaviours 
coupled with appropriate mechanical properties. This has been the key motivation for 
undertaking this research.  
Wear experiments offer a limited understanding of the wear process due to its 
complexity (Schumacher, Vietor, Fiebig, Bletzinger, & Maute, 2017). For instance, mechanical 
stresses accompany the wear process, which makes the wear process impossible to isolate from 
this in order to determine it, experimentally. Accordingly, wear modelling is gained much 
attention to simulating variant types of wear process to predict the wear and enriching the 
understanding of such complex physical phenomena. Experimentally, a wide range of 
tribometers used to evaluate the tribological properties of different materials. Pin on disc (POD) 
tribometer is the most used and the most modelled for various pair contacts, including metal-
to-metal contact (Bortoleto et al., 2013; Kunal Kumar Bose & Ramkumar, 2018; Kunal K Bose 
& Ramkumar, 2019; V Hegadekatte, Kurzenhäuser, Huber, & Kraft, 2008), ceramic-to-metal 
contact (Khader, Renz, & Kailer, 2017; Woldman, Van Der Heide, Tinga, & Masen, 2017), 
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and polymer-to-metal contact (Benabdallah & Olender, 2006; Martinez, Canales, Izquierdo, 
Jimenez, & Martinez, 2012). The geometrical change of POD is relatively stable during the 
wear process due to the flat-to-flat contact. On the other hand, other tribometers such as BOR 
has a configuration that can mimic real tribological applications such as bearings and bushings 
(Nirmal et al., 2015). In this configuration, there is a progressive change in the geometry of 
wear sample along with the wear progress. Hence, this study aims to investigate the effect of 
such tribo-configuration on the wear process. 
In light of the above, this study aims to investigate the effect of incorporation graphene 
nanoplatelets (GNPs) and flax fibres, on epoxy’s mechanical and tribological properties. To 
achieve this objective, this study focused on designing the optimum content of both GNP and 
flax fibre and characterising the mechanical and tribological properties of epoxy and its 
composites. Further understanding of the adhesive wear mechanism of the BOR configuration 
system was gained by FE modelling by using the Abaqus UMESHMOTION subroutine. 
1.2. Objectives 
The overall aim of this study is to investigate the tribological and mechanical 
performance of newly developed hybrid epoxy composites throughout experimental tests. The 
secondary aim is to simulate the adhesive wear mechanism for epoxy and its composites. The 
specific objectives are to:    
1. Investigate the effect of different weight fractions of GNPs on the mechanical and 
tribological behaviour of epoxy composites, and study the correlation between these 
properties;  
2. Investigate the effect of different volume fractions of flax fibre on the adhesive wear 
performance of epoxy composites; 
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3. Investigate the effect of the incorporation of flax fibre, GNPs and both on the 
mechanical and adhesive wear performance of epoxy composites;    
4. Develop an FE model for a BOR configuration to simulate the adhesive wear 
mechanism of polymer-to-metal contact, and validate the model with experimental 
data. In addition, analyse the effect of a BOR configuration on the wear mechanism. 
1.3. Scope and limitations 
This study investigates the mechanical and tribological performances of epoxy 
composites incorporating natural fibre and solid lubricant additives. In order to achieve the 
objectives of this study, the work has been subdivided into a number of discrete tasks and the 
scope of the study is summarised as follows: 
1. The mechanical and tribological behaviours of polymeric composites are exhaustively reviewed 
and possible solutions are suggested for improving both behaviours as well as minimising their 
environmental impact by using bio-based reinforcements. The recent development and 
investigation of the tribological properties of polymers compared with polymers reinforced 
with solid lubricants and natural fibre are also reviewed comprehensively.  
2. The effect of different weight fractions of GNPs on the mechanical and adhesive wear 
performances of the epoxy matrix is investigated. The tensile strength, stiffness and fracture 
strain were obtained from a tensile test. Concerning the tribological behaviours, a dry adhesive 
wear test was conducted using the BOR machine and the stainless steel of AISI 304 standard 
was selected to be the material of the counterpart. The specific wear rate, COF and interface 
temperature were determined. SEM micrographs for the broken tensile samples and the worn 
surfaces of wear samples were taken and then analysed.  Further understanding was reported of 
the correlation between the mechanical and tribological behaviours for the epoxy-GNP 
composites. Based on the mechanical and adhesive wear performances of different weight 
fractions of GNPs in these composites, optimal mixes were selected and then used to be 
incorporated with flax fibre. 
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3. The flax/epoxy composites were prepared by vacuum bagging with a hand layup technique. 
The effect of variant volume fractions of flax fibre on the adhesive wear performance of the 
epoxy matrix was investigated and the best fraction was then selected to be incorporated with 
GNPs. Dry adhesive wear tests were conducted using the block on ring tribometer following 
ASTM G77. After that, the incorporation effect of the flax fibre and GNPs on the mechanical 
and tribological behaviours of epoxy was investigated. Morphology analysis for the worn 
surfaces as well as the tensile fractured surfaces was reported by using an SEM technique.    
4. The adhesive wear mechanism of the developed composites in a BOR configuration was 
simulated by the finite element modelling (FEM). A 2D model for the BOR tribometer was 
developed by using the Abaqus UMESHMOTION subroutine. The simulation results were 
validated with the experimental results. This validation included the worn volume and the 
maximum wear depth. Further understanding of the wear mechanism of the BOR configuration 
system was gained through a comparison of the simulation and experimental results with the 
SEM micrographs.     
The following tests are necessary to provide further information on the behaviours of 
natural fibre reinforced composites under a complicated process like the adhesive wear 
mechanism but this was beyond the scope of this study due to time limitations: 
 Effect of GNPs on the interfacial bonding strength between the fibre and the resin; 
 Effect of GNPs and flax fibre on the composite’s thermal properties; 
 FEM of the developed composites considering the effect of the thermal properties; 
 Fatigue behaviour and dynamic impact; 
 Effect of a high percentage of humidity; and 
 Durability.   
1.4. Contributions of this study  
This study has contributed to the growing area of research of bio-materials and the 
green tribology principle by exploring the effect of incorporating GNPs and flax fibre together 
on epoxy-based composites’ mechanical and tribological properties. The outcomes of this 
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thesis provide the tribology research community with a more in depth understanding of natural 
fibre polymeric composites’ wear behaviours, thus filling the knowledge gap that had been 
unaddressed in the tribology of such natural fibre polymeric composites. Widening the 
applications of natural fibre will also contribute to reducing CO2 emissions and consumed 
energy, which in principle safeguards the planet’s resources. 
1.5. Thesis structure 
This thesis is presented in the form of a thesis by publication. It is composed of an 
introduction, Chapter 1, which highlights the research theme. An extensive review of the 
literature is presented in Chapter 2, outlining the relevant recent studies, identifying the 
research gaps and justifying the novelty of this work. Two experimental studies were 
conducted, with significant findings presented in Chapter 3 and Chapter 4. Chapter 5 presents 
the development of the FE model to simulate the wear process, considering the effect of the 
BOR configuration in the wear process. Finally, the conclusion in Chapter 6 summarises the 
main outcomes and the significant contributions of the work, in additions, lists 
recommendations for further investigations of future research. The chart below in Fig 1.1 










CHAPTER 1: Introduction 
CHAPTER 2: Literature review 
CHAPTER 3: Manuscript-1 
 Effect of GNPs on mechanical and tribological behaviours of epoxy 
 Correlation between the mechanical and tribological properties 
CHAPTER 4: Manuscript-2 
 Effect of the fibre volume fraction on the tribological properties of epoxy 
 The incorporation effect of GNPs and flax fibre on epoxy’ mechanical and 
tribological behaviours 
CHAPTER 5: Manuscript-3 
 FE modelling of the adhesive wear mechanism in BOR configuration 
CHAPTER 6: Conclusion and Recommendations 
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Three manuscripts were produced from this research and submitted in relevant journals. 
In addition, the material characteristics of the epoxy, GNPs and flax fire are presented in Appendix 
A. In Appendix B, a review of the environmental benefits of using natural fibres, by means of 
a life cycle analysis is presented. Where necessary, the supporting information of figures 
related to experimental works is provided in Appendix C. A FORTRAN code used to simulate 
the adhesive wear in BOR configuration is presented in Appendix D. Moreover, the significant 
























Chapter 2: Literature Review 
 
2.1. Recent reported works on inorganic & organic fillers nanocomposites 
Recent decades have seen a tremendous amount of research into modifying the 
mechanical and tribological properties of polymers and meeting the requirements of 
tribological applications by using nanofiller additives. From the tribological perspective, these 
nanofiller materials can be classified into two types. The first is based on ceramic nanoparticles, 
mainly including metal and non-metal oxides such as SiO2, ZnO, Al2O3, SiC. In spite of their 
positive impact on polymers’ wear resistance, ceramic nanofillers may lead to increasing the 
coefficient of friction (COF), as reported by many researchers (Bahadur & Sunkara, 2005; 
Dass, Chauhan, & Gaur, 2017; Kurdi, Wang, & Chang, 2018; Larsen, Andersen, Thorning, 
Horsewell, & Vigild, 2008). This due to their hard nature which could promote ploughing on 
the counterpart and thus raise the COF (Sawyer, Freudenberg, Bhimaraj, & Schadler, 2003a). 
The second type nanofillers consists of inorganic lubricants such as graphite, molybdenum 
disulphide and organic lubricants, of which polytetrafluoroethylene (PTFE) is a typical 
example. These additives’ purpose is to improve the wear performance of polymers and reduce 
the COF through enhancing polymers’ self-lubricating properties. Indeed, both organic and 
inorganic lubricants showed high potential to reduce the COF and increase this wear 
performance, as widely reported in many studies (Baptista et al., 2016; Chen et al., 2018; B. 
Pan et al., 2012; A. Shalwan & Yousif, 2014; Upadhyay & Kumar, 2019; Zalaznik, Kalin, 
Novak, & Jakša, 2016; X. Zhang et al., 2008).  
Among all self-lubricating additives, carbon-based materials gained much attention due 
to their excellent thermal properties. It is well known that, unlike metals, polymers have low 
thermal conductivity, which restricts their working temperature, especially for tribological 
applications. Therefore, the generated heat at the rubbing zone needs to be appreciated as it can 
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lead to deteriorating the wear resistance of polymer composites. Consequently, using carbon-
based additives is considered under both main requirements of polymer tribology, i.e., 
enhancement of their self-lubrication and thermal properties. 
      Mechanically, the mechanical strength often improves with a low content of nanofillers, 
usually less than 1 wt. %. On the other hand, for tribological performance, most studies have 
found the optimum content to be above this percentage. It was reported that nanofillers can 
improve the stiffness and hardness of polymers, but this is usually accompanied by a reduction 
in toughness and strength, which reduces the load-bearing capacity (Briscoe & Sinha, 2008). 
Therefore, recently researchers tried to make a good balance between the mechanical and 
tribological properties of polymeric nanocomposites. This section reviews the recent work on 
the mechanical and tribological properties of polymer nanocomposites using inorganic and 
organic lubricants. 
2.1.1. Mechanical performances of inorganic & organic lubricants /polymer nanocomposites 
Nanofillers have an important effect on the mechanical properties of polymers and are 
widely used for modifying these. In fact, many parameters determine the mechanical or other 
properties of polymer nanocomposites such as the weight fraction, dispersion, agglomeration, 
and so on. Many studies found that nanofillers can significantly improve the mechanical 
properties of polymers, including the tensile strength, hardness and stiffness. For instance, Luo 
et al. (2018) explored the effect of graphene nanosheets on the mechanical properties of 
hydrogel polymer. It was found that 0.5 wt. % of graphene improved both the tensile strength 
(TS) of hydrogel polymer as well as its stiffness by 91% and 279%, respectively. This 
improvement was attributed to the excellent dispersion of graphene inside the hydrogel matrix. 
Similarly in another study, B. Pan et al. (2012) studied the effect of a low content of graphene 
oxide (GO), up to 0.05 wt. %, on the mechanical properties of Monomer-Cast Nylon (MC 
nylon). A positive relationship was observed between the weight fractions of GO and the MC 
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nylon’s tensile strength. This is could be that due to the low content of the nanofillers so that 
the possibility of nanoparticles’ agglomeration and aggregation inside the polymer matrix is 
very low.  
However, increasing the content of nanofillers leads to an increase in the possibility of 
agglomeration, which acts as a stress raiser, and thus reduces the strength. One example of this 
is a study by Chen et al. (2018) where it was found that 0.6 wt. % of molybdenum disulphide 
(MoS2) improved the strength of epoxy by about 50%. However, a reverse effect was observed 
when the weight fraction increased above this percentage, i.e., the addition of 0.8 wt. % reduced 
the TS by 40%, compared with neat epoxy. This phenomenon was mainly attributed to the 
agglomeration of the MoS2  fillers inside the epoxy matrix. Many scholars reported the same 
trend for variant types of polymer nanocomposites such as MoS2/epoxy (Chen et al., 2019; 
Madeshwaran, Jayaganthan, Velmurugan, Gupta, & Manzhirov, 2018) and graphite/epoxy 
(Baptista et al., 2016; A. Shalwan & Yousif, 2014).   
     Generally, it can be concluded that the addition of nanofillers at a low rate, usually 
below 1 wt. %, may exhibit a positive effect on polymers’ tensile strength. However, it is worth 
mentioning here that the optimum concentration of nanofillers to enhance polymers’  wear and 
friction properties is found in the range of 2-5 wt. % (Larsen et al., 2008; Sawyer, Freudenberg, 
Bhimaraj, & Schadler, 2003b). In fact, increasing the loading rate of nanofillers prompts the 
aggregation and agglomeration phenomena in nanoparticles and thus low filler/polymer 
interaction. The interaction between the nanofiller and the polymer matrix plays a pivotal role 
that effectively determines the mechanical properties of polymer nanocomposites (Al-Ajmi, 
2013; Kurdi et al., 2018; Puértolas et al., 2019). In other words, aggregation weakens interfacial 
adhesion between the nanofillers and the polymer matrix, which can explain the reduction in 
strength of the polymer nanocomposites.  
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The effect of this phenomenon in terms of mechanical strength was also studied by 
means of FE modelling. Zare (2016) conducted a simulation study on the effect of the 
nanofillers aggregation on polymers mechanical strength. It was reported that the reduction on 
the filler size increases the level of aggregation/agglomeration inside the matrix. Therefore, in 
order to decrease the possibility of this, applying less content of larger nanoparticles was 
recommended. 
       Table 2.1 presents the effect of some nanofillers on the mechanical properties of 
thermoset and thermoplastic polymers, adapted from the literature. First, it can be generally 
noted that the stiffness (E) significantly was improved by the addition of nanofillers. All 
additives used have a brittle nature, which is the main reason behind the improvement. Second, 
in contrast, the tensile strength exhibited the opposite trend for all additives, the underlying 
reason being the aggregations, as reported by many authors (Baptista et al., 2016; Chen et al., 
2019; Chen et al., 2018; Madeshwaran et al., 2018; A. Shalwan & Yousif, 2014). In some other 
studies, it was stated that the reduction in the TS could be related to the polarities of the additive 
surface and polymer matrix and the change in the deformation fracture (Chen et al., 2019; 
Puértolas et al., 2019). 
Concerning the agglomeration phenomena, different techniques were used to provide a 
better dispersion of nanofillers inside the matrix. Many studies were conducted to investigate 
the dispersion effect of nanofillers on polymers’ mechanical properties (Goyat & Ghosh, 2018; 
Luo et al., 2018; T. Wei, Jin, & Torkelson, 2019). The results revealed that good dispersion 
leads to an overall improvement of these mechanical properties, including the TS. In this 


































Increased stiffness is mainly attributed to the intrinsic 
modulus of GNPs and its high aspect ratio as a filler. GNPs 
lead to a decrease in the number of deformation modes, 
which affects the deformation fracture and thus reduces the 
strength. 
Polystyrene (Mittal 
& Chaudhry, 2015) 
7 wt. % graphene -7.5 14 The reduction in TS is attributed to the polarities of additive 
surface and polymer, as well as the shear mechanism 




7 wt. % graphene -8 23 The reduction in TS is attributed to the polarities of additive 
surface and polymer, as well as the shear mechanism 
experienced during compounding. 
Epoxy (Baptista et 
al., 2016) 
 








The reduction in TS was mainly attributed to the 
agglomeration phenomenon. Concerning the stiffness, 
graphite may lead to a restraint of matrix movement resulting 
in increasing the stiffness. 
Epoxy (A. 
Shalwan & Yousif, 
2014) 
3 wt. % of graphite -30 64 The reduction in TS was mainly attributed to the 
agglomeration phenomenon. 
Epoxy (Chen et al., 
2018) 
1 wt. % of MoS2 -40 
 
-13 The reduction in TS was mainly attributed to the 
agglomeration phenomenon. 
Remarks: GNPs = graphene nanoplatelets, TS = Tensile strength and E = Stiffness.
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      The effect of nanoparticle concentration on the modulus of elasticity and the tensile 
strength of thermosetting and thermosetting polymers are presented in Fig. 2.1. It can be seen 
that the increase of nanofillers improves the polymer’s stiffness, as shown in Fig. 2.1[a]. 
However, the opposite trend is observed for the tensile strength, see Fig. 2.1[b]. Increasing the 
filler content significantly reduces the tensile strength of the polymer matrix. As discussed 
above, the increase of nanoparticle concentration favours the presence of aggregation of the 
nanoparticles, which is considered the main cause in the strength reduction. Therefore, an 
optimization study of the filler content can effectively lead to selecting the most suitable 
concentration based on the application requirements. The improvement of the nanoparticle 
dispersion is another important parameter that can enhance the mechanical strength of 




Fig 2. 1: Effect of filler content on the mechanical properties of polymers; (a) modulus of 
elasticity and (b) tensile strength. Thermosetting composites; graphite/epoxy (A. Shalwan & 
Yousif, 2014), graphite platelets/epoxy (Baptista et al., 2016) and thermoplastic composite of 
























































































































































































2.1.2. Tribological performances of inorganic & organic lubricants/polymer nanocomposites 
The crystal structure of inorganic lubricants is a lamellar structure; within the one 
plane/layer, the atoms are strongly bonded to each other by covalent bonding in the form of a 
hexagonal unit cell (Menezes, Rohatgi, & Omrani, 2018). The layers are dominated by the Van 
der Waals forces, and are easily fragmented by the adhesive shear force. Fig. 2.2 illustrates the 
fragmentation mechanism of such materials under the shear force.  The properties of this 
structure determine the lubrication properties of such materials. In the case of organic 
lubricants such as PTFE and PCTFE, the molecular structure consists of long-chain molecules 
parallel to each other (Menezes et al., 2018). The strength along the chain is high. However, 
the bonding strength between the molecules is weak; therefore, they can slide past on each 
other, even under low shear forces.  
 
Fig 2. 2: Illustration of the lamellar structure of inorganic lubricants under shear force. 
      There is high potential to reduce the friction between the contacting surfaces in these 
materials, even in their solid-state. Consequently, these materials have attracted the attention 
of the industries for tribological applications. Solid lubrication additives result in the 
enhancement of the self-lubrication properties of polymers. Moreover, solid lubricants are of 
particular interest under the applications where the traditional lubricants are either prohibited 
or undesirable. One example is the food industry in which conventional lubrication systems 
affect human health.  Such lubricants could also interfere with the operating nature of electrical 
and electronic systems, such as the bearings in PC fans. These two examples are indicative of 












the diversity of applications which exist. Therefore, investigations into the dry sliding of self-
lubricating materials have proved to be of intense interest for researchers and industries. 
       In tribological applications of polymer, a wide range of solid lubricating additives such 
as graphite, graphene, and MoS2 were usually used to control their COF. Typically, they were 
widely utilized either as a surface coating (Chih, Ansón-Casaos, & Puértolas, 2017; Klaus 
Friedrich & Schlarb, 2011; Ren, Huang, Cui, Pu, & Wang, 2017) or as fillers (Difallah et al., 
2012; Puértolas et al., 2019; A. Shalwan & Yousif, 2014; Shen, Pei, Fu, & Friedrich, 2013; 
Zhou et al., 2018) for the polymer composites. Both of those techniques exhibited a significant 
effect on the tribological behaviours of polymers, reducing the COF as well as the wear rate. 
In this section, the effect of the solid lubricating materials as nanofillers on the tribological 
properties of polymers will be reviewed and discussed. 
     Carbon-based materials, i.e., graphite and graphene and tungsten disulphide (WS2) and 
MoS2, represent the most commonly used inorganic solid lubricants. Many researchers have 
investigated their effect on the tribological properties of polymers. Table 2.2 summarizes some 
of the recent relevant studies into the effect of inorganic and organic lubricants on the COF and 
wear rate of different types of polymers. By using solid lubricant materials, pronounced 
improvements can be seen in polymers’ wear performance. For instance, the addition of 3 wt. 
% of graphite platelets reduced the COF of the epoxy by 22%, as reported by Baptista et al. 
(2016). Within the same range of reduction, similar results were reported on systems of 
graphite/epoxy (A. Shalwan & Yousif, 2014), graphite/ABS (Difallah et al., 2012), and so on. 
Similarly, the wear rate was significantly reduced by introducing solid lubricant additives to 
polymers. For example, the wear rate was decreased by 80% for graphite/epoxy (A. Shalwan 
& Yousif, 2014) and by 70% for graphite/ABS (Difallah et al., 2012). This reduction is 
attributed to the fact that these additives assist the polymers in producing stable and continuous 
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transfer film. Ultimately, the COF will be reduced and the transfer film protects the worn 
surface from a high rate of material removals.
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Table 2. 2: Summary of published works on the effects of solid lubricants on tribological properties of polymeric composites. 





Graphite platelets /epoxy 
(Baptista et al., 2016). 
POP, TOC: dry; AL: 0.03N 
(P= MPa); SD: 0.6 m; SV: 4 






˗22 for 30 wt. 
% 
The presence of graphite reduced the mechanism 
of fatigue delamination and also decreased the 
surface roughness. 
Graphene oxide /MC nylon 
(B. Pan et al., 2012) 
BOR, TOC: dry; AL: 98N; 
SD: 1.5 km; SV: 0.42 m/s; 





SEM revealed the forming of a stable transfer 
film on the worn surfaces due to the presence of 
graphene oxide. 
Graphite/epoxy (A. Shalwan 
& Yousif, 2014) 
BOR, TOC: dry; AL: 50 N; 






A stable transfer film was observed in the 
presence of graphite. 
GNP/PEEK (Puértolas et al., 
2019) 
BOD, TOC: lubricant; AL: 5 
N (P= MPa); SD: 4.5 km; 
SV: 0.05 m/s;  1-10 wt. % 
˗83 at 
10 wt. % 
˗38 at 3 wt. 
%  
3 and 5 wt. % of GNPs exhibited good wear 
performance with mechanical properties being 
maintained. 
3D graphene/epoxy (Zhou et 
al., 2018) 
BOD, TOC: dry; AL: 17.16 







A stable transfer film was observed because of 
the presence of graphene. 
Graphite/ABS (Difallah et 
al., 2012) 
BOD, TOC: dry; AL: 60 N; 






Transfer film was observed on the steel 
counterpart when graphite was added. 
 
Graphite/PPESK (X. Zhang 
et al., 2008) 
 
BOR, TOC: dry; Al: 50 N 
SD:1.5 km; 5-30 wt. % 
-93 At 30 
wt. % 
compared 
with 5 wt. %  
-80 At 30 wt. 
% 
compared 
with 5 wt. %  
PTFE transfer film was more compact and 
smoother compared with the graphite film. 
 
Graphene oxide/epoxy (Shen 
et al., 2013) 
POD, TOC: dry ; AP: 1MPa; 






The tremendous increase in the COF was mainly 
attributed to the wrinkled surface of GO, which 
roughens the composite. 
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𝑊𝑆2/PEEK (Kalin, Zalaznik, 
& Novak, 2015) 
UMT-tribometer, TOC: dry ; 
AP: 1.0MPa; SD: 1260 m; 
SV: 0.05m/s; 2 wt. % 
-10.7 -24.6 WS2 introduced a clear transfer film over the 
worn surface which reduced the COF and wear 
rate. 
Mo𝑆2/POM EFT, TOC: dry ; AL: 900N; 
SD: 8 m; SV: 0.8m/s; 2 wt. % 
-19 -17 The worn surface of MoS2/POM composite 
exhibited a smoother surface than the neat POM. 
Graphite/ABS (Difallah et 
al., 2012) 
BOD, TOC: dry, Al: 17.16 N; 
SD:, SV: ; 7.5 wt. % 
-68 -42 Neat POM exhibited severe wear mechanism 
while graphite addition showed stable transfer 
film, indicated by  smooth worn surface 
 
 
PTFE/PPESK (X. Zhang et 
al., 2008) 
 
BOR, TOC: dry; Al: 50 N 
SD:1.5 km; 5-25 wt. % 
-66 at 25 
wt.% 
compared 
with 5 wt. %  
-44 at 25 
wt.% 
compared 
with 5 wt. %  
PTFE was more effective in the formation of 
transfer film compared with graphite.  
Mo𝑆2/epoxy (Upadhyay & 
Kumar, 2019) 
BOD, TOC: dry, Al: 1 N; SD: 





Only a little amount of pits and expelling were 
noted, and the film protected the worn surface. 
Mo𝑆2/PEEK (Zalaznik et al., 
2016) 
POD, TOC: ; AP: 1 MPa; 
SD: 1260 m; SV: 0.05 m/s; 1-
5 wt. % 
 
-50 at 1 wt. 
% 
 
-30 at 2 wt. 
% 
The transfer was stable and increased with the 
increase of the filler content. 
𝑊𝑆2/PEEK  (Zalaznik et al., 
2016) 
POD, TOC: ; AP: 1 MPa; 
SD: 1260 m; SV: 0.05 m/s; 1-
5 wt. % 
-51 at 1 wt. 
% 
 
-25 at 2 wt. 
% 
Film thickness increased proportionally to the 
increase of the filler content. 
Remarks: Ws = specific wear rate/or wear rate, COF = coefficient of friction, NP = neat polymer, POD = pin-on-disc, BOR = block-on-ring, BOD = ball on disk, EFT = end-
face tribometer, TOC = type of contact, AL = applied load, AP = applied pressure, SV = sliding velocity, SD = sliding distance, and wt. % = weight fraction of the fillers. 
*The percentage change is compared with neat polymer or as otherwise stated.
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      Another important parameter for the tribology of polymers is related to the ability of 
polymeric composites to dissipate the heat at the rubbing zone. Due to the wear process, heat 
is generated at the rubbing zone, which will be problematic unless taken into account (K. 
Friedrich, 2018). Unlike metals, polymers have a very low thermal conductivity, which restricts 
the rate of the heat dissipation from the rubbing zone. Therefore, the thermal properties, i.e., 
thermal conductivity, becomes an important factor since the trapped heat at the rubbing zone 
can negatively affect polymers’  mechanical and tribological properties (Shuhimi, Abdollah, 
Kalam, Hassan, & Amiruddin, 2016; C. Wei et al., 2015).  Therefore, considering the thermal 
properties of polymers is essential in tribological applications.  
     Table 2.3 presents the thermal conductivity of some common polymers, solid 
lubricants, and stainless steel for comparison purposes. It can be seen that polymers’ thermal 
conductivity is very low compared with steel. For instance, the thermal conductivity of stainless 
steel is higher than epoxy by approximately 80 times. Furthermore, the working temperature 
of the polymers is strongly restricted by their specific temperatures, i.e., glass transition 
temperature (𝑇𝑔), which is relatively low (see Table 2.3). It has been widely reported that 
exceeding this temperature could cause premature failure for the polymer composites under 
such loadings. For instance, Tahir, Abdollah, Hasan, and Amiruddin (2015) studied the effect 
of the operating temperature on the tribological behaviour of carbon fibre composites with a 
different epoxy system. The study revealed that the wear rate rose rapidly and the COF 
increased because of the thermal activation process at the rubbing zone, which resulted in a 
reduction in the hardness, hence causing the failure of the epoxy matrix. A similar conclusion 
was reported on other polymers such as PTFE (Conte & Igartua, 2012) and PEEK (Mu et al., 
2010).  
     To improve the tribological performance of polymers, their thermal properties should 
be considered. Improving the thermal conductivity of polymers can accelerate the heat 
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dissipation at the rubbing zone, which can reduce the thermal stresses.  In this context, carbon-
based materials such as graphite and graphene have a high potential to improve polymers’ 
thermal properties compared with other solid lubricants. For example, the thermal conductivity 
of graphite and graphene is higher than neat epoxy by 10,000 times (Panda, Bijwe, & Pandey, 
2016) and 26,500 times (Chinkanjanarot et al., 2018; F. Wang et al., 2015), respectively. This 
value is relatively low for other lubricants, around 260 times for MoS2 while PTFE and PCTFE 
have almost the same thermal properties of neat epoxy. Therefore, they provide no benefit in 
improving the thermal properties of polymer composites. 
Table 2. 3: Thermal conductivity and transition glass temperature of some common polymers, 
and thermal conductivity of solid lubricants and stainless steel for comparison purposes.   





Stainless steel 304 14 - 17 ("Stainless Steel - Grade 304 ") - 
Epoxy 0.2 (technologies, 2020; Xiao, Zhai, Ma, Fan, 
& Li, 2018) 
100 (P. Li et al., 
2016) 
MC nylon 0.25 (King, Tucker, Vogt, Weber, & Quan, 
1999) 
50 -75 (Greco & 
Nicolais, 1976) 
ABS 0.14 - 0.21 (technologies, 2020) 104 ("ABS," 2007) 
PPS 0.29 - 0.32 (Omnexus) 85 - 95 (Omnexus) 
Graphite 200 – 2000 (Panda et al., 2016) - 
Graphene 5000 - 5300 (Chinkanjanarot et al., 2018; F. 
Wang et al., 2015) 
- 
MoS2 52 (Yan et al., 2014) - 




& Habas, 2013) 
PCTFE 0.21 ("Polychlorotrifluoroethylene (PCTFE)," 
2013) 
45 (Ibeh, 2011) 
 
2.2. Natural fibre polymeric composites (NFPC)    
The effects of synthetic fibres such as glass and carbon fibres on the tribological and 
mechanical behaviours of polymer-based composites have been widely investigated (Su, 
Zhang, & Liu, 2008; Sun, Yang, & Li, 2008; Tang, Ye, Zhang, & Deng, 2011; Yang, Lu, Su, 
Wu, & Wang, 2007; Z.-Z. Zhang et al., 2005). Studies have indicated that fibres enhance both 
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mechanical and tribological behaviours in polymer composites (Davim & Cardoso, 2009). 
However, traditional synthetic fibres were found to cause many serious environmental issues 
because of their high disposal rate and difficulties in recycling them (Pender & Yang, 2017; 
Shuaib & Mativenga, 2016). For instance, currently it is estimated that the production of 
synthetic polymers can reach up to 120,000 tonnes for carbon fibre in 2022 (Kraus, Kuhnel, & 
Witten, 2016), and the annual production of glass fibre polymeric composites exceeds 10 
million tonnes (Pender & Yang, 2017). In this context, many regulations were issued by 
governments to reduce such a waste impact. These include the European Directive 2000/53 
which requires at least 85% recycling of end-of-life car components and 95% recovery for 
motorised conveyances such as electric cars, scooters and light vehicles (EUROPEAN-
COUNCIL, 2000).  
As a part of the immense pressure to reduce such impacts on the environment, scientists, 
engineers, researchers and industries are now exploring alternative solutions that are consistent 
with the ecosystem. In this context, substituting synthetic products with biodegradable and 
sustainable products can help solve these issues (Korol, Burchart-Korol, & Pichlak, 2016; 
Ramalingam, Murugasan, & Nagabhushana, 2017). Currently, there is an increasing number 
of researchers investigating the potential of cellulose-based fibre strengthening for polymers. 
Fig. 2.3 shows the number of published articles on natural fibres over the past five years, 
indicating the growing research interest in this biomaterial. 
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Fig 2. 3: Number of published articles on natural fibre. Source: www.ScienceDirect.com. 
Keywords used: natural fibres. 
      The environmental benefits of using natural fibres instead of traditional reinforcements 
have been widely investigated by means of the life cycle assessment (LCA) method. Studies 
have covered a wide range of applications including automotive (Akhshik, Panthapulakkal, 
Tjong, & Sain, 2017; Alves et al., 2010; Boland, De Kleine, et al., 2016; Le Duigou & Baley, 
2014; Luz, Caldeira-Pires, & Ferrão, 2010), fittings (La Rosa et al., 2013) and thermal 
applications (Zampori, Dotelli, & Vernelli, 2013); results revealed that natural fibres have a 
significant impact on reducing greenhouse gas (GHG) emissions and the cumulative energy 
demand (CED). For instance, Le Duigou and Baley (2014) used flax fibre to reinforce 
polypropylene (PP) for application of under-engine panel in the cars. Results were compared 
with glass fibre at the same weight fraction of 30 wt. %. It was found that the flax/PP composite 
was lighter by 6%, exhibiting 10% less GHG emissions and 12% less CED. Similar results 
were reported on different types of natural fibres and for variant applications compared with 
synthetic/traditional reinforcements (Alves et al., 2010; Korol et al., 2016; Luz et al., 2010; 

























in Appendix A. Ultimately, it can be concluded that natural fibres as reinforcement have 
offered greater environmental benefits than synthetic fibres, such as a reduced dependence on 
non-renewable energy and material sources, lower GHG and biodegradability of the end-of-
life components (Boland, Kleine, et al., 2016; Broeren et al., 2017; Le Duigou & Baley, 2014). 
From an economic point of view, natural fibres are also advantageous as they have a lower 
cost, between US $ 200.00 and US $ 1000.00/ton, compared to glass fibre’s which ranges 
between US $ 1200.00 and 1800.00/ton (Inácio, Nonato, & Bonse, 2017; A Shalwan & Yousif, 
2013). 
     Due to their high mechanical performance and environmental benefits, natural fibres 
are still undergoing continuous assessment to explore their potential in various applications 
under variant loading conditions. Many scholars have investigated the effect of different natural 
fibres in numerous applications in terms of their mechanical and tribological behaviour. Even 
though these results have exhibited promising solutions, there still need to be improvements in 
order to meet tribological requirements. This section reviews the recent research work on the 
effect of natural fibres in this context and the main parameters concerning the mechanical 
properties and tribological behaviours of polymers. 
2.2.1. Recent work on NFPC’ mechanical characteristics  
Reinforcing polymers with natural fibres may improve their mechanical characteristics. 
Overall, several factors affect the mechanical properties of polymeric composites reinforced 
by natural fibre, including the fibre orientation, volume fraction, the interfacial adhesion with 
the polymer matrix, and the mechanical as well as the physical properties of the natural fibres. 
Table 2.4 presents the mechanical properties of some common natural fibres compared with 
glass fibre. The table shows wide-ranging values representing the mechanical properties of 
natural fibres. The main reason behind this could be the diversity of agricultural environments 
and cultivating processes for the natural fibres. As well, the chemical composition of natural 
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fibres is varied, including the proportions of cellulose, hemicellulose, lignin and pectin. In fact 
these could differ even within the same type of natural fibre. The mechanical characteristics of 
natural fibre depend much more on the cellulose content rather than other chemical 
compositions (Jacob, Varughese, & Thomas, 2005; Nirmal et al., 2015). A higher content of 
cellulose represents higher values of stiffness and tensile strength. 
       In comparison with glass fibre, it can be seen that the tensile strength of natural fibres 
is relatively low. However, considering the weight effect by taking the specific modulus of 
natural fibres, some fibres exhibit a comparable or even better value than glass fibre, such as 
hemp and flax fibre. This specific modulus is the main motivation for using natural fibre as 
reinforcement for polymers as weight reduction is of particular interest.  
Table 2. 4: Mechanical properties of natural fibres in relation to those of synthetic fibres 
(Jayaramudu, Guduri, & Varada Rajulu, 2010; N Saba, Paridah, & Jawaid, 2015; Naheed 
Saba, Tahir, & Jawaid, 2014). 








E-glass 2.55 2400 73 3 29 
Jute 1.46 393-773 10-30 1.16-1.5 7-21 
Hemp 1.48 550-900 70 1.6 47 
Ramie 1.5 500 44 2 29 
Coir 1.25 131-175 4-6 15-40 5 
Sisal 1.33 468-640 9.4-38 2-7 29 
Flax 1.4 600-2000 12-85 1-4 26-46 
Cotton 1.51 287-800 5.5-12.6 3-10 8 
Date palm ND 275 845 ND ND 
Kenaf 1.45 223-1191 11-60 1.6-4.3 10-42.9 
Pineapple 1.56 170-1627 60-82 2.4 7.8-57.0 
Remarks: ND-not determined  
2.2.1.1. Effect of volume fraction and fibre orientation  
  The volume/weight fraction is defined as the fibre volume/weight ratio with respect to 
the total volume/weight of the composite. Theoretically, an increase in the volume/weight 
fraction of the fibre may improve the tensile strength of the fibre composite. However, 
experimental investigations have indicated that such an increase beyond an optimal percentage 
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could result in an adverse effect. Table 2.5 summarizes some published works on the optimum 
content of natural fibre in polymeric composites. Generally, it can be said that there is no 
specific content of the fibres in which a higher/optimum tensile strength can be achieved. This 
could be related to many reasons, including the interfacial bonding between the fibre and the 
matrix, fibre treatment methods and the fabrication process of the natural fibre composites. In 
the case of a high content of natural fibres, many researchers reported that the interfacial 
bonding between the fibre and the matrix becomes somehow weaker due to fibre agglomeration 
(Lee, Kim, & Yu, 2009; L. Liu, Yu, Cheng, & Qu, 2009; A. Mohanty, Khan, & Hinrichsen, 
2000; S. Mohanty, Verma, & Nayak, 2006).  
Table 2. 5: Optimizing the weight/volume fraction in order to increase the mechanical 
strength reported on NFPC. 
Materials Range of fibre content  Optimum TS  
          Jute/PBS (L. Liu et al., 2009) 0-30 Vf. % 20 Vf. % 
Coir/polypropylene (Islam, Haque, & 
Huque, 2009) 
0-20 wt. % 10 wt. % 
Kenaf/polypropylene (Lee et al., 2009) 10-70 wt. % 40 wt. % 
Jute/polypropylene (Lee et al., 2009) 10-70 wt. % 40 wt. % 
Bagass/polyester (Aramide, Oladele, & 
Folorunso, 2009) 
0-20 wt. % 10 wt. % 
Flax/epoxy (Keck & Fulland, 2019) 2.6-12 Vf. % 10 Vf. % 
Jute/HDPE (S. Mohanty et al., 2006) 0-45 wt. % 30 wt. % 
Jute/polyester (A. Mohanty et al., 2000) 20-53 wt. % 32 wt. % 
 
      Fibre orientation is another important parameter that significantly determines the 
mechanical properties of fibre composites. Many studies have investigated the effect of the 
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fibre orientation on the mechanical properties of the fibre composites (Brahim & Cheikh, 2007; 
Cordin, Bechtold, & Pham, 2018; Keck & Fulland, 2016). Regardless of the type of fibres, i.e., 
natural or synthetic, it was reported that the increase of the fibre orientation angle with respect 
to the direction of the applied load leads to a significant reduction in the mechanical properties 
of the composite including stiffness, tensile strength and even the Poisson’s ratio. For instance, 
the fibre orientation of 45° and 90° (transverse direction) led to reducing the tensile strength 
by 78% and 88%, respectively, as reported by Brahim and Cheikh (2007). At the parallel 
direction, 0 °, a high percentage of applied load is encountered by the fibres while this 
percentage will be at a minimum in the transverse direction, 90°. The same conclusions were 
reported for different NFPC, for example, cellulose/polypropylene-lyocell (Cordin et al., 
2018), flax/epoxy (Keck & Fulland, 2016), and glass-wood/PVC (Tungjitpornkull & 
Sombatsompop, 2009). It is worthy of mention here that the fibre orientation has a different 
effect on other properties such as the tribological behaviours, as will be discussed later. 
2.2.1.2. Effect of treatments  
Natural fibres are naturally hydrophilic as they contain a high moisture content in the 
fibre’s cells (Nirmal et al., 2015). On the other hand, polymers are known as hydrophobic 
materials; thus, there will be a weaker interfacial bond between the natural fibres and polymer 
matrix unless the natural fibres are well prepared. In other words, for polymer reinforcing the 
hydrophilic nature of natural fibres is a major drawback (Akhtar et al., 2016; Al-Ajmi, 2013; 
Arfaoui, Dolez, Dubé, & David, 2017; de Farias et al., 2017).  
However, improving the compatibility and interfacial strength between the fibre and 
polymer can be achieved by means of physical and chemical methods, which is adapted to 
modify the surface of the natural fibres and thus improves the bonding strength between fibre 
and polymer (Nirmal et al., 2015; Nirmal, Yousif, Rilling, & Brevern, 2010). The chemical 
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treatment is considered the common treatment to optimize the fibre interfaces. Many 
researchers have investigated the effect of various chemical treatments such as silane and alkali 
on the mechanical properties of NFPC. The content of the hydroxy1 group of natural fibres is 
eliminated by producing a third material during the chemical reaction, thus significantly 
improving the bonding strength between the fibre and the polymer matrix (Fiore et al., 2016; 
X. Li, Tabil, & Panigrahi, 2007). Fig. 2.4 shows the effect of common types of chemical and 
physical treatment on the tensile strength of NFPC. Clearly, a positive impact was achieved by 
both means. The main reason for these improvements is the enhancement of the interfacial 
strength between the natural fibre and polymer matrix, which can assist the transfer of stresses 
from the matrix to fibre (L. Liu et al., 2009; Ragoubi et al., 2012; Seki, Sarikanat, Sever, Erden, 
& Gulec, 2010; Yu, Ren, Li, Yuan, & Li, 2010). 
 
Fig 2. 4: Effect of chemical and physical treatment on the tensile strength of natural fibre 
composites; ramie/PLA (Yu et al., 2010), jute/PBS (L. Liu et al., 2009), hemp/polypropylene 
(Ragoubi et al., 2012) and jute/polyester (Seki et al., 2010). UT- untreated fibre, CA- 





























2.2.2. Influence of natural fibres on wear and frictional performance of polymeric 
composites 
In 2009, the concept of green tribology was launched, paving the way for the first Green 
Tribology World Congress. The congress was a forum for exploring further adaptations in 
science and technology of tribological aspects, which takes into consideration energy, the 
ecological balance, and biological and environmental impacts (Anand et al., 2017). Green 
tribology principles include the environmental implications of products such as lubricants and 
coatings, and the optimization, development, and implementation of eco-friendly 
manufacturing processes and products. This is summarized in Fig. 2.5, which illustrates a 
typical tribo-system setup and its interaction with the sustainable development of the earth 
(Anand et al., 2017; Nirmal et al., 2015; Nosonovsky & Bhushan, 2010; Tzanakis et al., 2012). 
 




     In this context, the recyclability and biodegradability of natural fibre composites make 
them more important for many industrial sectors. As a result of immense pressure on pollution 
reduction and green manufacturing, scientists and researchers are now exploring alternative 
sources of resources from natural and replenishable resources (Ahmad, Choi, & Park, 2015; A 
Shalwan & Yousif, 2013).   
   Concerning the effect of natural fibres on the tribological performance of polymers, a 
limited number of studies have been conducted. Even though the majority of these studies 
emphasized a pronounced improvement can be achieved by natural fibre reinforcement, 
realistically, natural fibres are still a  long way from integration into tribological applications. 
In fact, natural fibres greatly depend on many parameters that can effectively hold back the 
widening of their applications. However, their initial promising results in terms of wear 
performance gained great attention from scholars and researchers. In this section, the literature 
on the effect of natural fibres is reviewed. The main issues addressed concerning the 
tribological performance of NFPC are: 
  Most of the available studies used un-engineered fibres, which can lead to the high 
possibility of nonhomogeneous structures for the NFPC, thus affecting their mechanical 
and tribological performances. 
 Mainly chemical treatments were widely used to improve the compatibility between the 
natural fibre and the polymer matrix, thus enhancing polymers’ overall mechanical and 
tribological properties.  
 The effects were explored of operating parameters, including the sliding velocity, 
applied load and the temperature, on the wear and frictional performance of natural 
fibre composites.  
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 The effects were investigated of the physical content of natural fibre, i.e. the fibre 
orientation and the fibre volume fraction inside the polymer composite. Normal 
orientation is highly recommended. On the other hand, the fibre content needs to be 
optimized. 
2.2.2.1.Effect of natural fibre treatments on wear resistance and frictional performance of 
NFPC   
The interfacial adhesion between the natural fibres and the polymer matrix is an 
important parameter for the overall performance of NFPC (Nirmal et al., 2015; Omrani, 
Menezes, & Rohatgi, 2016; A Shalwan & Yousif, 2013). It is well known that the hydrophilic 
nature of natural fibre results in weak interfacial adhesion with polymers. Treatments of natural 
fibres are an essential process to overcome this issue. As previously mentioned, from a 
mechanical perspective, these chemical treatments showed good improvement. 
     Chemical treatments showed a positive effect on the tribological performance of the 
NFPC. A few researchers have investigated the effect of different types of chemical treatments 
such as coupling agent, silane (Gang, 2018; Bhanu K Goriparthi, Suman, & Rao, 2012; Y. Liu 
et al., 2019) and sodium hydroxide (NaOH) (Rashid et al., 2017; B. F. Yousif & El-Tayeb, 
2008a). Moreover, the effect of a physical treatment such as plasma (H. J. Zhang, Zhang, Guo, 
& Liu, 2009) was also investigated on the wear performance of NFPC. Table. 2.6 summarizes 
some of the related investigations into the effect of chemical and physical treatments on the 
tribological performance of NFPC. The wear rate and the COF of the treated fibre were 
significantly reduced. Results emphasized that a stronger interfacial strength between the 
natural fibre and polymer matrix plays a pivotal role in the wear performance. For instance, B. 
F. Yousif and El-Tayeb (2008a) studied the effect of fibre treatment on the tribological 
performance of oil palm fibre/polyester. Oil palm fibre was treated by 6% NaOH for 48 hours. 
Experiments showed a reduction in the wear rate by 80% and COF by 40%. SEM analysis 
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indicated that the worn surface occurred with fibre debonding and a lot of fibre debris in 
untreated fibre. Fibre debris during the rubbing process causes an increase in the COF. On the 
other hand, in treated fibres, the worn surface was smoother and the fibre was strongly bonded 
with the polyester matrix.  A similar conclusion was reported by others (Gang, 2018; Bhanu K 
Goriparthi et al., 2012; Y. Liu et al., 2019; Rashid et al., 2017; H. J. Zhang et al., 2009) as 
summarized in Table 2.6.  
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Table 2. 6: Summary on the effects of fibre treatment on the tribological performance of NFPC. 
Composite Treatment and time of 
treatment 
Change in Ws (%), 
compared with UT 
composite* 












                
                 -5  
For the UT composite, the worn surface 
occurred with a lot of debris of fibres and 
debonding between the fibre and the matrix.  
Corn stalk/phenolic 
(Y. Liu et al., 2019) 
5 % silane (1h) 
 
-22.8 ND A smoother worn surface was noted in the 
case of saline treatment.  
Oil palm /polyester 
(B. F. Yousif & El-
Tayeb, 2008a)  
 






Wear mechanism of untreated-composite 
was predominated by deboning of fibres. 
However, less damage was observed with 
treatment. 
Jute/PLA (Bhanu K. 
Goriparthi, Suman, & 
Mohan Rao, 2012) 
1- 1% silane 1 (2 h) 
2- 1% silane 2 (2 h) 
-16 / silane 1 
-38 / silane 2 
 
ND 
Silane showed high thermal stability during 
the wear process. Better fibre-matrix 
adhesion exhibited by silane 2 treatment 
Sugar palm/phenolic 
(Rashid et al., 2017) 
1- seawater (3 days) 
2- 0.5% alkaline (4 h) 
-20.2 / seawater 
 
-37.9 / alkaline 
-10 / seawater 
 
-13 / alkaline 
From the observation of the worn surface, 
treatment fibre exhibited better bonding with 
phenolic matrix, compared with UT 
composite.  
Hybrid cotton-
PTFE/phenolic (H. J. 
Zhang et al., 2009) 
1- air plasma (15 mins) 
2- N2 plasma (10 mins) 
-40 / air plasma 
 
-42 / N2 plasma 
-30 / air plasma 
 
-21 / N2 plasma 
The improvement on the tribological 
properties is mainly due to the stronger 
adhesive strength between the treated fibre 
and the resin. 
Remarks: Ws = specific wear rate/or wear rate, COF = coefficient of friction and *UT= untreated.
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2.2.2.2.Effect of the fibre orientation and fibre content  
  Mechanical stress accompanying the wear process has a high impact on the wear 
performance of the polymeric composite. Therefore, the orientation of the fibres could have a 
significant effect on the wear performance of polymeric composites. Typically, there are three 
types of fibre orientation concerning the wear process: normal (N-O), parallel (P-O) and anti-
parallel (AP-O). Fig. 2.6 illustrates the fibre orientation with respect to the sliding direction. In 
addition to these categories, random orientation (R-O) is utilized, especially for chopped 
natural fibres. 
 
Fig 2. 6: Fibre orientations with respect to the sliding direction (Chin & Yousif, 2009). 
      The literature includes many studies to investigate the effect of the natural fibre’s 
orientation on the wear performance of NFPC. Table 2.7 lists some of the comprehensive 
studies that have handled the effect of the natural fibre orientation on the wear rate and COF 
of polymers. Chin and Yousif (2009) have investigated the effect of kenaf fibre orientation on 
the wear and frictional performances of epoxy under dry contact. Three fibre orientations (N-
O, P-O and AP-O) were studied and compared with neat epoxy. Regardless of the fibre 
orientation, it was found that the kenaf fibre significantly improved the wear performance of 
epoxy. In addition, with N-O the highest reduction on the wear rate was recorded, compared 
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with other orientations. On the other hand, N-O exhibited the lowest reduction on the COF 
while AP-O showed the highest reduction. In another study, B. Yousif and Chin (2012) 
investigated the wear performance of kenaf/epoxy composites under wet contact. The study 
revealed that N-O has a greatly reduced wear rate compared with other orientations. Moreover, 
AP-O adversely affected the wear performance of kenaf/epoxy composite. For a clearer 
comparison, Fig. 2.7 plots the wear rate results for these two studies. The main reason behind 
N-O’s lowest wear rate is that the fibre ends highly penetrate the matrix. Therefore, pulling out 
fibres from the polymer matrix is a little difficult, which improves the wear performance, as 
concluded by many researchers (Chin & Yousif, 2009; El-Sayed et al., 1995; B. Yousif & Chin, 
2012). Moreover, SEM observation of the worn surfaces found that, among all studied 
orientations, N-O exhibited better bonding between the fibre and the polymer matrix (Chin & 
Yousif, 2009; El-Sayed et al., 1995; B. Yousif & Chin, 2012). In another study by Nirmal et 
al. (2012), the effects of R-O, AP-O and P-O on the bamboo/epoxy composite were studied. It 
was reported that AP-O exhibited excellent wear performance, followed by P-O while R-O 
exhibited the lowest wear resistance. This was confirmed by SEM observations of the worn 
surfaces of R-O where the transfer film was associated with debonding and broken fibre. 
Unsurprisingly, AP-O exhibited less damage compared with R-O. 
      N-O possesses the highest COF in comparison with other orientations. This was mainly 
attributed to the higher shear resistance of the natural fibre in this direction, in which the fibre 
is deeply embedded inside the matrix (El-Sayed et al., 1995; B. Yousif & Chin, 2012). R-O 
exhibited an increase in the COF as investigated by Nirmal et al. (2012). The authors explained 
this behaviour to be due to the material removal rate in this orientation being relatively high.  
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Change in Ws (%), 
compared with NP or  
as otherwise stated 
Change in COF (%), 
compared with NP or 




(Nirmal et al., 
2012) 
 
POD, TOC: dry; AL: 
30N; SD: 4 km; SV: 1.57 
m/s;  F-O: P-O, AP-O, 
R-O 
 
-50 / P-O & AP-O 
-23 / R-O 
-28 / AP-O 
-20 / P-O 
+5 / R-O 
AP-O exhibited higher wear 
resistance with lower COF. In this 
orientation, fibres proved to have 
higher shear resistance during the 
rubbing process. 
Linen/polyester 
(El-Sayed et al., 
1995)  
POD, TOC: dry; AP: 
0.61MPa; SD: 1.5 km; 
SV: 0.42 m/s; 21 vf% of 
linen; F-O: P-O, AP-O, 
N-O 
Compared with AP-O 
 
-85 / N-O 
-9 / P-O 
Compared with N-O 
 
˗21 / AP-O & P-O 
N-O led to an increase in the wear 
resistance of the polyester, but it 
increased its COF at the same time. 
Kenaf/epoxy 
(Chin & Yousif, 
2009)  
BOD, TOC: dry; AL: 
50N; SD: 5 km; SV: 2.8 
m/s; 48 vf% ; F-O: P-O, 
AP-O, N-O 
          ˗85 / N-O 
-74 / AP-O 
          -66 / P-O 
             -45 / AP-O 
-30 / P-O 
-15 / N-O 
N-O showed higher wear 
performance followed by AP-O, 
while P-O exhibited the lowest wear 
performance. 
Kenaf/epoxy (B. 
Yousif & Chin, 
2012)  
BOD, TOC: wet; AL: 
50N; SD: 30 km; SV: 2.8 
m/s; 48 vf% ; F-O: P-O, 
AP-O, N-O 
˗51 / N-O 
+29 / AP-O 
0 / P-O 
+25 / AP-O 
-33 / P-O 
+22 / N-O 
Abrasive wear was observed in the 
case of both AP-O and P-O. 
However, N-O exhibited higher 
shear resistance. 
Remarks: Ws = specific wear rate/or wear rate, COF = coefficient of friction, NP = neat polymer, POD = pin-on-disc, BOD = ball on disk, TOC = type of contact, AL = 











Fig 2. 7: The wear rate of kenaf/ epoxy composites for different orientations and different 
operating parameters adapted from (Chin & Yousif, 2009; B. Yousif & Chin, 2012) 
      Fibre content is another parameter that may affect the wear performance as well as the 
COF behaviour of NFPC. As mentioned in the above section, there exists an optimum level of 
fibre content beyond which a reverse impact on the mechanical properties may result. 
Similarly, as reported by many authors, this rule applies to the wear performance of NFPC. 
Table 2.8 summarizes some of the tribological studies that investigated the effect of the fibre 
content on this wear performance. It can be seen that there is no specific favourable level of 
the natural fibre content that definitely improves the wear performance of NFPC. An increase 
of the fibre content above a certain limit may lead to reducing the resinous mechanism; 
accordingly, the fibre bundle failure will increase the fibre breaking and fibre debonding, thus 
increasing the wear rate (Correa, Betancourt, Vázquez, & Gañan, 2017). In other words, at a 
higher fibre content, the interfacial bonding between the natural fibre and the polymer matrix 
is low and thus easily broken under the sliding shear force, resulting in a higher wear rate (J. 
R. Mohanty, Das, & Das, 2014). It is worth mentioning here that other parameters can also 




























































      Moreover, the physical properties of natural fibre can play an important role in 
tribological performance. As there are many kinds of natural fibre resources, physical 
properties vary, including the density and the fibre dimensions, which can affect the properties 
of the NFPC. For instance, a comparative study on the wear performance of oil palm/epoxy 
and kenaf/epoxy composites was conducted at elevated temperature by Shuhimi et al. (2016). 
While the increase of oil palm content exhibited low wear resistance, the increase of kenaf fibre 
content exhibited higher wear performance under the same test conditions. The possible reason 
could be the different natures of both fibres.  
Table 2. 8: Optimizing the content of the natural fibre reported on the tribological properties 
of NFPC. 






(Correa et al., 2017) 
0-60 wt. % 10 wt. % The composite of 10 wt. % 
exhibited higher wear 
resistance but 
corresponded with the 
highest COF. 
Seed oil palm/ polyester (B. 
Yousif, 2008) 
0-35 Vf. % 35 Vf. % The optimum percentage of 
35 Vf. % gave the highest 
value of the COF. 
Date palm/ 
polyvinylpyrrolidone (J. R. 
Mohanty et al., 2014) 
0-40 wt. % 26 wt. % COF is minimum at this 
content. 
oil palm / epoxy (Shuhimi 
et al., 2016) 
30-70 wt. % 30 wt. % Increasing the fibre content 
led to severe wear. 
kenaf /epoxy (Shuhimi et 
al., 2016) 
30-70 wt. % 70 wt. % Higher fibre content 




2.2.2.3.Influence of operating parameters’ treatments on wear resistance and frictional 
performance of polymeric composites   
Applied pressure, sliding velocity and working temperature are considered as the main 
operating parameters significantly affecting the wear performance of NFPC. In real tribological 
applications, the mechanical component could be exposed to variant values of applied pressure 
and/or sliding velocity. All these parameters complicate the wear process and the effect on the 
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wear performance of NFPC. Extracted from literature, Figs [10-12] show the effect of the 
applied load on the wear rate and the COF of NFPC. In Fig. 2.8[a], Fig. 2.9[a] and Fig. 2.10[a], 
it can be seen that there is a dramatic increase in the wear rate of neat polymers with an increase 
of the applied load. Even though NFPC followed the same trend, it exhibited the lowest 
increment in the wear rate, compared with neat polymers. Neat polymers showed this higher 
wear rate due to their wear mechanism, including softening and a higher rate of material 
removed during the rubbing process (Bajpai et al., 2013). In addition, the increase of the applied 
load leads to a rise in the interface temperature, which significantly increases the wear rate, as 
reported by many researchers (Chin & Yousif, 2009; Dotson, 2018; Gomes, Silva, Silva, 
Pardini, & Silva, 2001; Nirmal et al., 2012; Tahir et al., 2015). In the case of NFPC, the wear 
rate increases; mainly because of the degradation of the polymer matrix due to the increase of 
thermal stress. The softening process of the polymer leads to poor bonding strength between 
the fibre and the matrix and thus increases the wear rate (Bajpai et al., 2013; Nirmal et al., 
2012; Shuhimi et al., 2016). However, in comparison, the use of natural fibres in polymer 
composites shows signs of a positive impact on polymers’ wear performance. This could be 
due to the fact that the presence of natural fibre leads to minimizing the number of interlocking 
asperities, resulting in a low COF and low thermal effect (Nirmal et al., 2012). 
      COF is highly affected by the applied load, as illustrated in Fig. 2.8[b] and Fig. 2.9[b], 
and the sliding velocity as shown in Fig. 2.10[b]. Generally, there is no specific trend between 
the applied load and the COF. However, most results revealed that the increase in the applied 
load leads to reducing the COF for both neat polymers and NFPC. The main reason for this 
behaviour is that the transfer film created on the metal counterpart with the increase of the 
interface temperature, and thus the applied load (Bajpai et al., 2013; Hashmi, Dwivedi, & 
Chand, 2007; A. Shalwan & Yousif, 2014). Concerning NFPC, it was reported that the 
reduction on the COF due to the increase of the applied load is due to the reduction on the 
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bonding strength between the fibre and the matrix. Indeed, an increase of the interface 
temperature weakens the interfacial bonding, resulting in low wear resistance, and thus 
reducing the COF (Bajpai et al., 2013). 
 
Fig 2. 8: Effect of the applied load on: (a) wear rate and (b) the COF of epoxy and 
kenaf/epoxy composite. The test was conducted by using BOR at 2.8 m/s for 3.36 km of 
sliding distance, and the fibre was in the normal orientation (N-O) (Chin & Yousif, 2009) 
 
Fig 2. 9: Effect of the applied load on: (a) wear rate and (b) the COF of epoxy and date 
palm/epoxy composite. The test was conducted by using BOR at 2.8 m/s for 7.56 km of 
sliding distance, and the fibre was in the normal orientation (N-O) (A. Shalwan & Yousif, 
2014) 
 
Fig 2. 10: Effect of the sliding velocity on: (a) wear rate and (b) the COF of epoxy and 
kenaf/epoxy composite. The test was conducted by using POD at 2 m/s and 3 km of sliding 










































































































Figs 2.11 and 2.12 show the effect of the sliding distance on the wear performance and 
COF of neat polymer and NFPC. Neat polymers exhibit a clear proportional relationship 
between the sliding velocity and wear rate while NFPC shows less distinct responses. However, 
the increase in the wear rate of NFPC is mainly attributed to the increase of the thermo-
mechanical stress at high speed. Compared with neat polymers, it can be noticed that the natural 
fibre significantly improved polymers’ wear performance. The slight increase in the wear rate 
of NFPC is due to the weakened bonding between the fibre and the polymer matrices under 
raised thermal stress generated at high sliding velocity (Bajpai et al., 2013; Nirmal et al., 2012).  
Regarding the COF, two different trends were reported on NFPC as shown in Fig. 2.11 
[b] and Fig. 2.12 [b]. Nirmal et al. (2012) have studied the effect of sliding velocity on the 
frictional behaviour of kenaf/epoxy composite, see Fig. 2.11[b]. They found that the increase 
of the sliding velocity leads to an increase in the COF for both cases: the neat epoxy and 
kenaf/epoxy composite. This was explained by the corresponding interface temperature, which 
was lower for the kenaf/epoxy composite. On the other hand, in a study on neat PLA, sisal/PLA 
and nettle/PLA composites by Bajpai et al. (2013), neat polymers followed the proportional 
relationship with the sliding velocity. An increase in the sliding velocity increases the COF; 
see Fig. 2.12[b]. In contrast, sisal/PLA and nettle/PLA composites exhibit a slight reduction in 





Fig 2. 11: Effect of the sliding velocity on: (a) wear rate and (b) the COF of epoxy and 
kenaf/epoxy composite. The test was conducted by using POD at 30N of applied load and 4 
km of sliding distance, and the fibre was at AP-O (Nirmal et al., 2012) 
    
Fig 2. 12: Effect of the sliding velocity on: (a) wear rate and (b) COF of PLA, sisal/PLA and 
nettle/epoxy composite. The test was conducted by using POD at 20N of applied load and 3 
km of sliding distance, and the fibre was kept at N-O (Bajpai et al., 2013) 
         The effect of the temperature on the wear resistance and COF of polymers and their 
composites has been widely researched. For instance, Shuhimi et al. (2016) studied the effect 
of the working temperature, ranging from 20-150 ℃, on the wear performance and COF of 
epoxy, oil palm/epoxy and kenaf/epoxy composites. The results revealed that the COF 
decreases with the increase of the working temperature for all tested materials. The authors 
explained this behaviour is due to the reduction in the polymer matrix’s shear resistance under 
highly elevated temperature, where the matrix produces a thin lubricating layer. SEM 
observation of the counterface showed no signs of wear at 150 ℃. The disc was totally 
protected by a thin layer created from the melting epoxy resin due to the heating temperature. 
On the other hand, it was found that the wear rate was significantly increased as the working 
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temperatures (20-80℃); however, at higher temperatures a sudden increase is exhibited (100-
150℃).  Similar trends were reported on sisal/phenolic composites (C. Wei et al., 2015; Xin, 
Xu, & Qing, 2007), and palm kernel/epoxy (Tahir et al., 2015).  
2.3. Solid lubricant and the potential of using graphene in fibre/polymer composites  
Graphene has layers of atoms in a two-dimensional hexagonal lattice hybridized sp2 
bonding in a planar structure. Several unique properties have promoted this material to be a 
promising candidate in a wide range of applications, such as electronic devices, energy storage 
devices, sensors (chemical, gas, biological), actuators, thermal interface materials, as a filler 
fabrication for high strength polymer composites in aerospace and automobile parts, and so on 
(Idumah & Hassan, 2016; Kumar, Singh, Hui, Feo, & Fraternali, 2018; X.-g. Liu, 2013). 
Graphene is considered one of the more famous solid lubricant materials due to its ability to 
reduce friction. Mechanically, it has a high stiffness of 1000 GPa as well as a high tensile 
strength of around 130 GPa (Masood et al., 2017; Puértolas et al., 2019). Concerning its thermal 
properties, the in-plane thermal conductivity of graphene nanoplatelets (GNPs) is 5000 -5300 
W/mK (Chinkanjanarot et al., 2018; F. Wang et al., 2015), which is 25,000 times that of neat 
epoxy (see Table 2.3).  
      Research studies on this material have escalated, especially for high strength polymer 
nanocomposites for potential high technology engineering applications (Idumah & Hassan, 
2016; X.-g. Liu, 2013; Morris, Becton, & Wang, 2018; J. Wang, Ma, & Sun, 2017). Graphene’s 
availability and low price have played a pivotal role in escalating its usage.   Nowadays, 
graphene has emerged as a nanofiller for the reinforcement for polymers in order to enhance 
their variant properties: mechanical (Bhasin et al., 2018; Idumah, Hassan, & Affam, 2015; Jia, 
Feng, & Zou, 2018; F. Wang et al., 2015; Z. Wang, Jia, Feng, & Zou, 2018), thermal 
(Chinkanjanarot et al., 2018; Fu, He, Mo, & Lu, 2014; Jarosinski et al., 2017; F. Wang et al., 
2015; Xiao et al., 2018; Zhou et al., 2018) and barrier properties (Bandeira, Monteiro, Baptista, 
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& Magalhães, 2016; Chih et al., 2017; Lahiri et al., 2014; C. Liu et al., 2019; B. Pan et al., 
2012; Puértolas et al., 2019; Zhou et al., 2018).  From the literature, the following conclusions 
can be pointed out: 
 First, graphene in polymer composites highly improves their mechanical properties. 
More often, stiffness and hardness pronouncedly increase when using graphene 
nanofillers. A low content of graphene, usually less than 1 wt. %, is favourable to 
improve mechanical strength. For instance, Z. Wang et al. (2018) studied the effect of 
GNPs on the shear strength of epoxy. It was found that 0.75 wt. % of GNPs improved 
the shear strength by 102%. In another study by Jia et al. (2018), GNPs were used to 
enhance the fracture toughness of epoxy. It was reported that a 0.5 wt. % of GNPs 
increased the dynamic Mode II fracture toughness by 41%, while no further increase 
was noted at 0.75 wt. % content. As expected for the majority of nanofillers, a reduction 
in mechanical strength was reported with higher graphene content, as reported by many 
researchers (Puértolas et al., 2019; F. Wang et al., 2015; Zaman et al., 2012; Zaman, 
Manshoor, Khalid, Meng, & Araby, 2014). The aggregation and agglomeration of the 
nanofillers inside the polymer matrix was the main cause of this reduction. 
 Second, graphene has a high potential to enhance polymers’ thermal conductivity. For 
instance, F. Wang et al. (2015) have studied the effect of GNPs with a weight fraction 
of 0 - 5 wt. % on the thermal conductivity of epoxy. This thermal conductivity increased 
by 115%, compared with neat epoxy, when adding 5 wt. % of GNPs. Similar trends 
have been reported by in many research studies (Chinkanjanarot et al., 2018; Fu et al., 
2014; Jarosinski et al., 2017). 
 Third, as is well known, graphene as carbon-based material exhibits a high ability to 
reduce the COF and thus increase the wear resistance through creating a protective layer 
of transfer film on the worn surface of the polymeric composites. Many studies 
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investigated the effect of graphene on the wear performance of different types of 
polymers; PEEK (Puértolas et al., 2019), bismaleimide (C. Liu et al., 2019; C. Liu, Yan, 
Lv, Li, & Niu, 2016), UHMWPE (Lahiri et al., 2014) and MC nylon (B. Pan et al., 
2012). The results show graphene additives’ positive impact on polymers’ frictional 
behaviour and wear resistance. 
     One effective method to obtain the full advantages of graphene’s unique properties is 
to incorporate it with fibre. Up to now, the majority of graphene nanofillers were used to 
produce polymer nanocomposites and their impact was widely investigated (Bandeira et al., 
2016; Chih et al., 2017; Lahiri et al., 2014; C. Liu et al., 2019; B. Pan et al., 2012; Puértolas et 
al., 2019; Zhou et al., 2018). Recently, the new trend of incorporating graphene with synthetic 
and natural fibres has gained much interest from the researchers in order to enhance polymers’ 
mechanical properties. For instance, B. Liu et al. (2020) incorporated multilayers of graphene 
with carbon fibres to enhance the interlaminar fracture toughness. The results showed a 
pronounced improvement in the Mode II shear fracture toughness, by 105.8%. SEM revealed 
the improvement of shear fracture toughness through the crack deflection of multilayered 
graphene’s surface peeling and shear debonding. Similar results were reported by Rodríguez-
González, Rubio-González, Jiménez-Mora, Ramos-Galicia, and Velasco-Santos (2018). 
Idumah and Hassan (2016) developed a hybrid polypropylene (PP) reinforced by kenaf fibre 
and incorporated with exfoliated GNPs. Results revealed the flexural modulus and the flexural 
strength were enhanced by 98% and 70%, respectively compared with kenaf/PP composite.  
      Concerning tribological properties, the effects of graphene inclusion on the wear 
performance and frictional properties of natural fibre polymeric composites have not received 
any attention in the open literature. Even for other nanofillers, the effect of incorporating 
natural fibre and nanofillers into the polymers in terms of their tribological performance has 
not been fully investigated.  This leaves a research gap that needs to be deeply investigated. 
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Hence, in this study, the effects of including graphene on the wear performance, frictional 
properties, and the mechanical properties of NFPC are investigated.   
2.4. Wear modelling of polymer-metal contact  
Wear is a complex process affecting the service life of engineering components. Wear 
experiments offer a limited understanding of the wear process due to its complexity. For 
instance, mechanical stresses accompany the wear process, which makes the wear process 
impossible to isolate from this in order to determine it, experimentally. Moreover, the wear 
process is very sensitive to operating parameters such as speed, load, working temperature, etc. 
In order to give more understanding of this complex process, myriad studies, theoretical, 
analytical and numerical, have been implemented. This part of the review handles conventional 
and wear modelling approaches to the mechanism of the wear process. 
2.4.1. Conventional approaches 
In all engineering topics, there always exist governing equations of a mathematical form 
that link all the variables and parameters in a system. So to is the case in tribology; many wear 
equations are used by engineers and designers to predict the wear rate for different types of 
wear. In their comprehensive and in depth review on wear equations, Meng and Ludema (1995) 
stated that there are more than 300 wear modelling equations which can be sorted into three 
approaches. First, empirical equations can be directly developed based on the experimental 
data under varying wear conditions. Examples of this approach are the wear equations proposed 




 [1 − exp(−𝛼1𝑡)]…………… (Eq 2.1) 
V= 𝛼1𝑡……………………………… (Eq 2.2) 
V= 𝛽1 exp (𝛼1𝑡)……………………. (Eq 2.3) 
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where V is the wear volume, 𝛽1 is a surface parameter, 𝛼1 is a material constant, and t is the 
time. Although these equations show very precise results compared with analytical models, 
they are valid for an only very specific range of tests [145]. 
      Second, wear equations can be based on the material failure mechanism in which the 
mechanical properties such as the material flow, strain break, fracture toughness, fracture 
strain, and so on, are involved. An example of this type of wear equations is the ratcheting 
theory for wear (Kapoor, 1997; Kapoor & Johnson, 1994), However, due to the long 
derivations and complexity of this kind of equations, no equations will be reproduced. Actually, 
for this type of equation, many mechanical tests have to be conducted in order to involve the 
mechanical properties in these equations, hence increasing the time consumed and the total 
cost of the tests.  
     Third, contact mechanics-based models exist which simplify the relationship between 
the working parameters, e.g., Archard’s wear model. Archard’s (Eq. 2.4) (Archard, 1980) is 
considered one of the most famous wear equations. The model considers the abrasive and 
adhesive wear mechanisms, assuming that the wear volume (V) is directly proportional to the 
applied load and the sliding distance/velocity and inversely proportional to the yield stress or 






   …………………………………      (Eq 2.4) 
 
where V is the worn volume, S is the sliding distance, k is the wear coefficient, F is the normal 
load and H is the hardness of the material. In order to localize the equation, both sides being 
divided by the contact area A, the following equation is deduced: 
dh = k.p.ds ……………………………….   (Eq 2.5) 
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where dh is the wear depth, p is the constant pressure, k is the wear coefficient and ds is the 
increment of sliding distance.  
This equation is widely used to determine the wear rate of materials such as metals, 
ceramics and polymers. Multiple reports exist in the literature of numerical models based on 
Archard’s wear equation for cases of pin-on-disc, including metal-to-metal contact (Bortoleto 
et al., 2013; Kunal Kumar Bose & Ramkumar, 2018; Kunal K Bose & Ramkumar, 2019; V 
Hegadekatte et al., 2008), ceramic-to-metal contact (Khader et al., 2017; Woldman et al., 
2017), and polymer-to-metal contact (Benabdallah & Olender, 2006; Martinez et al., 2012). 
Many researchers have modified this equation to suit some specific cases. For instance, Sarkar 
modified Archard’s model so that the friction coefficient (µ) was involved and related to the 
worn volume (Bradford, 1982), as given in Eq 2.6. One more such example of modifications 







  √1 + 3 µ2 …………………………………      (Eq 2.6) 
Archard’s wear equation gives a simple model for the wear mechanism and has the 
flexibility to comply with specific cases of the wear process and for variant material properties. 
      Vishwanath Hegadekatte, Huber, and Kraft (2004) proposed an FE model to simulate 
dry sliding wear, based on Archard’s model. In this study, sliding was the mechanism 
performed by a hemispherical brass ring rotating over a flat steel ring (Fig 2.13). They 
implemented Archard’s wear model through an FM post-processor in association with 
ABAQUS software. They also presented the distribution pressure profile before and after the 
test and the contact area vs. the number of the revolutions (Fig 2.14). The results revealed a 
progressive decrease in the contact pressure with an increase of the sliding process. This is due 
to the progressive increase of the contact area during the sliding, as appears in Fig 2.14[b]. 
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These results were validated with a good agreement with previous experimental works, as 
stated in their study.   
 
Fig 2. 13: Schematic figure of the FE model (Vishwanath Hegadekatte et al., 2004) 
 
Fig 2. 14: Variation of contact pressure before and after revolutions and (b) the contact area 
vs. number of revolutions (Vishwanath Hegadekatte et al., 2004) 
 
      Recently, a very limited number of studies was developed about sliding wear 
modelling, based on the adaptive finite element method. In this method, there is high control 




2.4.2. Software modelling 
For wear modelling, only two commercial tools exist that have the capability to 
simulate the wear process: ANSYS and ABAQUS  (Schumacher, Vietor, Fiebig, Bletzinger, 
& Maute, 2017). This is due to the wear process’s complexity.   Thus, wear modelling requires 
a high potential of computation. Many studies have involved one or the other software to 
simulate different types of wear. Generally, proposed finite element (FE) models for the wear 
process are one of two kinds. The first aims to investigate the effect of the wear parameters on 
the mechanical response of the tribo-components. Similarly, the other type aims to investigate 
the tribo-system’s thermal and energy responses. In the latter sort of model, there is more focus 
on the mechanical and thermal responses without considering the nature of sliding wear.  
Recently, FE modelling has been used to predict the material loss during the wear process for 
many applications of tribo-systems. This section focuses on the simulation of tribometers, 
reviewing the latest FE models developed to simulate the wear process of the main two 
tribometers: pin-on-disc (POD) and block-on-ring (BOR). 
      POD is a common tribometer used to evaluate the wear performance of varying 
materials. Typically, the pin has a flat end surface sliding over the rotating counterpart (disc), 
see Fig. 2.15[a]. In this configuration, the geometrical change is quite stable during the wear 
process. However, in order to more closely simulate real tribological applications, other 
tribometers are used, such as BOR. (Fig. 15[b]) illustrates the BOR model which can precisely 
simulate the wear in the mechanical systems of camshafts, bearings and bushings (Nirmal et 
al., 2015).    
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Fig 2. 15: A typical experimental setup of: (a) POD and (b) BOR 
      Martinez et al. (2012) developed an FE model to simulate the mechanism of wear by 
friction in a polymer-metal contact based on Archard’s model, as a POD configuration. The 
sliding pair consists of thermoplastic polyurethane elastomers (TPU), and the counterpart, 
made of steel. ABAQUS software’s adaptive meshing technique of the augmented Lagrangian-
Eulerian (ALE) was implemented to the mesh in order to compute the worn volume. Wear tests 
were conducted at different normal loads of 50 N, 65 N, 75 N and 100 N and a sliding distance 
of up to 2500m. The validation showed close results to the experimental results with about 
±15% of accuracy, which demonstrates the importance of using the adaptive mesh technique. 
A similar technique was used in other studies to simulate the wear mechanism, including the 
ferreting wear of metal-to-metal hip joints (Bitter et al., 2018; Fallahnezhad, Oskouei, Badnava, 
& Taylor, 2017) and steel-to-steel contact (Bortoleto et al., 2013; Kunal Kumar Bose & 
Ramkumar, 2018; Kunal K Bose & Ramkumar, 2019). To highlight the effect of this tool on 
the simulation results, Bitter et al. (2018) compared the numerical results based on adaptive 
meshing and the results without the adaptive meshing technique and then compared these with 
experimental results, for a single cycle. It was found that the numerical results based on 
adaptive meshing exhibit a closer agreement with the experimental results. Accordingly, the 













which the geometry is very complicated; including metal-bearing wear (Hwang, Lee, & Kim, 
2015), bushing wear (W.-M. Zhang & Meng, 2006), hydraulic seal wear (J Angerhausen, 
Murrenhoff, Persson, Dorogin, & Scaraggi, 2017; Julian Angerhausen, Woyciniuk, 
Murrenhoff, & Schmitz, 2019), and cutting tool wear (Khader et al., 2017).  
       Benabdallah and Olender (2006) proposed an FE model to simulate the wear profile for 
polyoxymethylene (POM) exposed to sliding against a steel disc in a POD configuration, based 
on the Holm-Archard equation.  This FE model was developed using ANSYS 6.1 and the wear 
equation was implemented to the model, which controlled the geometry. The study aimed to 
predict the inclination of the POM’s wear profile due to an uneven pressure distribution at the 
contact zone. This simulation process showed the importance of geometrical effects. In this 
case, the geometrical effect was recognized by the aspect ratio (AR) of the pin, which is the 
ratio of its exposed length to the rubbed end of the pin, as shown in Fig. 2.16[a]. Results 
exhibited a significant effect on the wear due to this geometrical effect. A dramatic increase 
was found in wear when the AR exceeds the critical value of 1.9, as shown in Fig. 2.16[b]. The 
FE model’s prediction results showed high agreement with the experimental results.  
  
Fig 2. 16: (a): Experimental setup of POD showing the exposed length of the pin and (b): 
Effect of the AR on the specific wear rate K 
      In real tribological applications, the contact configuration of the tribo-system is usually 




and bearings. Circular contact configuration leads to a significant change in the geometry of 
the contacting surfaces. Besides the operating parameters, geometrical change is considered 
one of the parameters of main importance affecting the wear process (Julian Angerhausen et 
al., 2019; Benabdallah & Olender, 2006; Fallahnezhad, 2018). The wear mechanism is 
dependent on the field stresses and deformation of the contacting surfaces. Therefore, there is 
a need to explore the effect of the geometry’s progress change in the wear and validate the 
results with experiments. A review of the literature revealed a lack of studies on the FE models 
of BOR configurations and similar configurations in which there is a high rate of geometrical 
change. This gap will be addressed in the current research. 
2.4.3. ABAQUS software and its accuracy in predicting the experimental outcomes  
As mentioned earlier, only two commercially available types of FE software are used 
for wear modelling. Recently, ABAQUS software has been widely used to simulate different 
types of wear. Yet the ABAQUS standard tool is not able to predict the wear process and 
compute the material loss during this process. However, for such complex phenomena, there 
are specific codes that link with ABAQUS to treat such problems in an adequate way. 
Regarding wear modelling, a FORTRAN code exists that involves the wear equation through 
an UMESHMOTION ABAQUS subroutine to the interface of the tribo-system’s configuration. 
More interesting for such a process is the adaptive meshing tool of FE software which is 
essential in order to compute the wear process with high precision.  
A survey on the literature survey of wear modelling showed the high reliability of the 
ABAQUS software to model the wear of different types of contacts, including metal-to-metal 
contact (Bortoleto et al., 2013; Kunal Kumar Bose & Ramkumar, 2018; Kunal K Bose & 
Ramkumar, 2019; V Hegadekatte et al., 2008), ceramic-to-metal contact (Khader et al., 2017; 
Woldman et al., 2017), and polymer-to-metal contact (Martinez et al., 2012; Yahiaoui et al., 
2014). Validated results showed a high agreement with experiments with generally less than a 
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15% percentage error. Considering the large uncertainty (i.e., the high percentage error) in 
tribo-experiments, this range of accuracy is acceptable. 
2.5. Chapter summary 
Polymers in their neat forms are barely used in tribological applications due to their low 
bearing capacity. Polymer nanotechnology has produced a pronounced improvement 
concerning their tribological performance. However, generally, using nanofillers had an 
adverse effect on polymers’ mechanical strength. On the other hand, synthetic fibres are now 
commonly utilized to improve the tribological and mechanical properties of polymers by 
enhancing their load-bearing capacity.  However, due to the harmful environmental impact of 
synthetic fibres, there is a particular interest in bio-based reinforcements, which is consistent 
with the principle of green tribology. Currently, natural fibres are used in many industrial 
applications, including structural and semi-structural applications. However, further research 
and improvement of natural fibres is still needed in order to implement them in tribological 
applications. This was the main research gap identified from the above discussion. 
Furthermore, below the following gaps were noted from the existing literature: 
1. There is insufficient research work regarding the mechanical and tribological properties 
of NFPC. Correlation between mechanical and tribological properties is another topic 
that is not very well understood. 
2. There are limited studies exploring the effect of incorporating graphene with natural 
fibres on polymers’ mechanical and tribological properties. 
3. The majority of published studies on the tribological behaviours of NFPC were 
conducted using un-engineered fibres, which may result in manufacturing defects, and 
thus affect the overall performance of composites. 
4. There are limited FE studies based on the BOR configuration system in which there is 
a high rate of change in the geometry during the wear process compared with the POD 
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configuration. However, to date, most FE research has been focused on the POD 
configuration. 
      Hence, the current study is aimed at developing an epoxy composite incorporating flax 
fibre and GNPs for bearing applications. The study is associated with FE modelling for the 
BOR configuration system to extend tribological understanding of the adhesive wear 
















Chapter 3: Influence of Graphene Nanoplatelets on 
Mechanical Properties and Adhesive Wear Performance of 
Epoxy-Based Composites 
 
      Epoxy resins, which are a common type of thermoset resins, are used in the field of tribology 
as matrices for composite brake materials for automobiles. However, for other tribological applications 
such as bearings, epoxy still needs improvement as it has low wear resistance and a high COF. In 
addition, epoxy as a polymer material has very low thermal conductivity, resulting in further possible 
restrictions in such applications. Manuscript Ⅰ studied the effect of GNPs on the mechanical and 
tribological properties of epoxy. Different weight fractions of GNP were used, (specifically 0, 1.5, 3 
and 4.5 wt. %). The results showed that GNPs significantly reduced the specific wear rate and 
pronouncedly decreased the COF. The increase in GNP weight fraction resulted in higher wear 
performance, especially at the mild wear regime. It was noted that the heat distortion temperature (HDT) 
is a crucial parameter. It was observed that the wear mechanism becomes more severe and tough, 
accompanied by a high COF once the interface temperature exceeds the HDT. However, GNP addition 
was shown to produce lower interface temperatures compared with neat epoxy. Concerning mechanical 
properties, while the stiffness and hardness were improved, the tensile strength and fracture strain 
deteriorated proportionally to the increase of GNP content. A correlation study showed that the relation 
between the mechanical and tribological properties dependent on the applied load. This study 
recommended the incorporation of nanofillers and fibres into epoxy in order to improve the load-bearing 
capacity of polymer nanocomposites. Moreover, the study suggested that the optimum amount of GNPs 
in the epoxy should be less than 4.5 wt. %, obtaining a good wear performance with less possibility of 
the aggregation of nanofillers. 
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Abstract 
 
      Epoxy resin is one of the most widely used thermoset polymers in high-performance 
composite materials for lightweight applications. However, epoxy has a high coefficient of 
friction, which limits its tribological applications. In this study, the effect was investigated of 
different weight fractions of solid lubricant graphene nanoplatelets (GNPs), ranging from 0 wt. 
% to 4.5 wt. %, on mechanical and adhesive wear performance of epoxy. Adhesive wear tests 
covered mild and severe wear regimes. The correlation of tribological and mechanical 
properties was studied as well. Scanning electron microscope (SEM) was used to observe the 
failure mechanisms for both tribological and mechanical samples after each test. The results 
revealed that the addition of GNPs to the epoxy improved its stiffness and hardness but reduced 
its fracture strength and toughness. Wear performance of epoxy exhibited improved with GNP 
additions as indicated by the significant reductions in the specific wear rate, the coefficient of 
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friction and the induced interface temperature, 76%, 37% and 22%, respectively. A fatigue 
wear mechanism was predominant as the applied load increased. Most importantly, severe 
wear signs occurred when the interface temperature reached the heat distortion temperature of 
the epoxy. The correlation between tribological and mechanical properties depends on the 
operating parameters. The addition of GNPs to epoxy by less than 4.5 wt. % was highly 
efficient to improve the wear performance while maintaining the fracture strength and 
toughness. FTIR analysis shows no chemical interaction between the epoxy matrix and GNPs, 
which implies its physical interaction. 
________________________________________________________________ 
Keywords: Graphene nanoplatelets; Epoxy; Adhesive wear; Solid lubricants  
1. Introduction 
 
      Polymeric composites continue entering into broader industries because of their high 
strength-to-weight ratio. In tribological applications, there is an increasing trend to replace the 
bearings, gears and bushings that are based on metals such as copper and bronze by polymeric 
composite materials [1]. In lightweight applications such as robotic, electronic and electrical 
systems, the tribological components such as bearings and bushings are entirely made from 
polymers, due to their high strength/weight ratio [2]. In tribological applications, several 
polymers are used for this purpose such as epoxy, polytetrafluoroethylene (PTFE), ultra-high 
molecular weight polyethylene (UHMWPE) and polyether ether ketone (PEEK) [3]. 
      Epoxy is a common thermoset polymer having numerous advantages including, but not 
limited to its low cost, the high value of its weight to strength ratio, its durability under low 
and high temperatures, its anti-corrosive nature, and its good thermal stability with low 
shrinkage. Epoxy resin and its composites are used in many applications such as adhesives, 
brake materials in automotive, biocompatible implants, and aviation parts [3, 4]. Among 
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thermoset polymers, neat epoxy resin has low thermal conductivity and a high coefficient of 
friction [5], which has limited its tribological applications. However, adding some suitable 
fillers can improve these properties, which will promote its usage in tribological applications.  
      Extensively investigated previously, the use of nanofillers has shown a potential 
improvement of various characteristics of polymers, including their mechanical, thermal, and 
tribological properties [6, 7]. In a complex process like wear, the main challenge is how to 
balance between these properties. Unlike metals, the wear performance of polymers is very 
sensitive to the operating temperature, i.e., the induced heat at the contact zone during the wear 
process. In tribological applications of polymers, one main parameter to be considered during 
the wear process is how the generated heat of the rubbing process affects the tribological 
components’ mechanical and wear performances [8-10]. Interface temperature may deteriorate 
these components’ mechanical properties by reducing the hardness and the stiffness, and it can 
break the polymer bonds, resulting in a higher wear rate and a higher coefficient of friction 
(COF) for components [8, 11]. 
      From the literature, reducing the COF could be achieved by using various solid 
lubricant fillers, i.e. molybdenum disulfide, polytetrafluoroethylene, copper and alumina [12, 
13]. On the other hand, the heat generated in the rubbing process might reduce the efficiency 
of solid lubricants and thus limit their permissible temperature ranges. For instance, the effect 
of bonded molybdenum disulfide (Mo𝑆2) on the tribological properties of novolac epoxy was 
studied by Ye, Chen and Zhou [14]. Test results showed significant improvement in fretting 
wear behaviours, indicated by the low COF and low wear rate. However, the temperature has 
to be controlled by the short sliding of distance to avoid the oxidation of Mo𝑆2 which can 
reduce the efficiency of its lubrication properties. Polytetrafluoroethylene (PTFE) as a solid 
lubricant material showed high wear performance by reducing the polymers’ COFs  [12]. 
However, PTFE has a low thermal conductivity at 0.2–0.3 W/mK [15], similar to the value of 
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epoxy, which is 0.2 W/mK [5]. Therefore, adding PTFE provides no benefit to improve the 
thermal properties of polymers. For this reason, the lubrication efficiency of PTFE is restricted 
to below the specific polymer’s temperatures such as its heat distortion temperature (HDT).  
      For tribological applications, under a combination of thermo-mechanical stresses, it is 
desirable to enhance the frictional behaviour as well as the thermal conductivity of the polymer. 
Because of their high thermal conductivity and lubrication properties, nano-carbon materials 
like graphite and graphene attract more research in this field of applications. These materials 
have the potential for the tribological improvement of polymers, acting as a solid lubricant and 
improving the thermal conductivity of polymer composites [7, 12, 16]. Due to their intrinsic 
mechanical, thermal and lubrication properties, graphene nanoplatelets (GNPs) are 
recommended as a solid lubricant to improve the tribological performance of epoxy. GNPs 
have a high stiffness of 1000 GPa as well as a high tensile strength of around 130 GPa [7, 12]. 
The in-plane thermal conductivity of GNPs is (5000 W/mK) [5], which is 25,000 times that of 
epoxy. The effect of graphene fillers has been investigated in terms of improving the 
mechanical and tribological properties of polymers, such as PEEK [7] and nylon 66 [12]. These 
works have suggested promising results. The literature, however, offers few studies addressing 
the impacts of GNPs’ addition on dry adhesive wear performance and the mechanical 
properties of epoxy, nor is there much research on the correlation between both behaviours. 
      In light of the above, the current study aims to investigate the effect of GNPs as a solid 
lubricant on both the adhesive wear performance and the mechanical properties of epoxy-based 
composites. Different weight fractions of GNPs were added into the epoxy resin. The effect of 
induced interface temperature during the wear test on the wear performance of epoxy, with and 
without the presence of GNPs, was investigated. We assessed the optimal percentage of GNPs 
in terms of a balance between epoxy composites’ mechanical and tribological properties. 
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Furthermore, the effects were explored of the addition of GNPs on the microstructure of epoxy 
composites and on their efficiency in dissipating the heat generated due to rubbing. 
2. Materials and experimental procedures  
2.1. Materials 
      Epoxy resin (R246TX) with the curing hardener (H160) (4: 1 weight ratio), an HDT of 
65℃, and a density of 1.07 𝑔 𝑐𝑚3⁄  at 25℃ was selected for the current study. The resin system 
was supplied by ATL Composites Pty. Ltd., Molendinar- Australia. The graphene nanoplatelets 
(GNPs) Grade C particles with an average surface area of 300 m2/g were supplied by Sigma-
Aldrich Pty. Ltd., Sydney-Australia. Epoxy composites based on different concentrations of 
GNPs were prepared and labelled as epoxy-GNPs-x, where x is the GNPs’ weight percentage. 
2.2. Composite fabrication 
      Due to the huge surface area of 300 m2/g of GNPs, and to avoid the high possibility of 
aggregation and/or agglomeration during the mixing process, only small amounts of GNPs 
were used. Epoxy composites based on different weight fractions of GNPs (0, 1.5, 3 and 4.5 
wt. %) were fabricated. To prepare the neat epoxy matrix, the resin epoxy and its corresponding 
hardener were mixed in a ratio of 4:1 according to the material specifications. Regarding the 
epoxy/GNPs composites, the weight fraction of GNPs was gradually added and mixed with an 
electrical blender (Contempo Stick mixer) for two minutes at 250 rpm to ensure the mixture’s 
homogeneity. The mixing process was conducted at low speed to avoid any excessive heat and 
trapped air bubbles. To eliminate the air bubbles, the mixture was degassed inside a vacuum 
oven chamber at a constant vacuum pressure of 70 kPa and 50℃ for 30 minutes. Then, the 
mixture was poured inside the steel mould cavities that had been designed to produce the 
samples for the tensile and wear tests. The dimensions of the mould for the wear test samples 
were 58 mm in length, 20 mm in width and 25 mm in height, designed for a block on ring 
(BOR) test following the ASTM: G 77 standard [17]. For the tensile experiments, dog-bone 
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samples were prepared in dimensions of 190 mm in total length, with 80 mm in the length of 
the narrow section, 20 mm in overall width, with 10 mm in width at the narrow section and 8 
mm in thickness according to ASTM D638-99 [18]. The moulded samples were kept under 
atmospheric conditions at 25 ℃ for 24 hours for the self-curing process. The composites were 
post-cured in the oven for 4 hours at 100℃, based on the material preparation specifications, 
to improve the HDT of the epoxy and its composites. Fig. 1 summarises the sample preparation 
method for the epoxy composites.     
 
Fig. 1: Schematic illustration for the sample preparation of epoxy-GNP composites. 
  
2.3. Testing procedure 
2.3.1. FTIR spectroscopy, SEM and X-ray diffraction 
       Fourier transform infrared spectroscopy (FTIR) was performed using a Nicolet iS50 
FT-IR spectrometer to study the chemical interaction between the GNPs and epoxy matrix. 
Neat epoxy and its composite were milled and prepared as powder while the GNPs was already 
in a powder form. The FT-IR spectra of the powder samples were recorded using a Nicolet 
iS50-ATR module at 32 scans with a resolution of 4 cm-1 and within the wavenumber range of 
2000 cm-1- 500 cm-1.  
    The X-ray diffraction patterns of GNPs, neat epoxy and its composite were obtained using a 
Leybold-554 800 diffractometer equipped with a Cu 𝐾𝛼 X-ray tube and end-window counter 
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detector with cable for α, β, γ and X-rays. Data were recorded of 2θ ranging between 10-40° 
with a scan step of 2θ = 0.2° for 30 minutes. 
2.3.2. Mechanical properties 
      Tensile tests were conducted on an MTS 810 TestStar material testing machine with 10 
KN of load capacity. The loading rate was maintained at 1 mm/min in conformity with ASTM 
D638-99 [18]. The tensile strength, fracture strain, stiffness, and toughness were obtained from 
the engineering stress-strain curves. The hardness was measured by using a Durometer-D 
following ASTM D2240. For repeatability and reproducibility of the results, at least 3 tensile 
samples were tested for each composite, and for the hardness test, three readings were taken 
for each composite and the average value was calculated.  
2.3.3. Tribological properties 
      For the majority of tribological components, the variable contact area is in tangential 
traction with a steel type counterface [17]. Accordingly, to accurately characterise the wear 
mechanism of this type of component, a BOR machine was selected in this study. In 
tribological applications such as bearings, the steel counterface such as mild steel and stainless 
steel rotates against polymeric composite materials. Using a steel counterface is recommended 
due to its high relative thermal conductivity of 16 W/m.k [18] compared with polymer 
materials. The higher conductivity accelerates the dissipation of generated heat at the contact 
wear zone. 
      The effect of GNPs on the adhesive wear performance of epoxy was investigated by 
using the BOR machine following ASTM G77 [17]. The stainless steel counterface, AISI 304 
and 1250 HB, was tangentially rotated with respect to the wear sample as illustrated in Fig. 2. 
The tests were conducted in a dry contact condition (22 ℃, relative humidity 40–50%). The 
sliding velocity was maintained at 2 m/s, with the applied loads of 15, 30, 45 and 60N.  The 
maximum and minimum contact pressures (P) at the steady-state region were obtained through 
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finite element modelling, and these ranged between 0.35 and 0.53 MPa corresponding to the 
applied loads of 15N and 60N, respectively. These testing parameters were selected to simulate 
mild and severe sliding wear of bearing applications where the pressure velocity product (PV) 
values fluctuated between 0.33 and 3.9 MPa.m/s [19, 20]. The sliding distance was 6 km, 
allowing the system to reach the steady-state region of the wear process. 
 
Fig. 2: Schematic illustration of BOR machine. 
     Before each test, both surfaces of the steel counterface and the surface of the wear samples 
were polished by using 1000- and 1200-grit grinding papers and then cleaned by acetone. The 
surface roughness of the counterface, as well as the wear samples, were controlled to be less 
than 0.2 µm (Ra). The friction force of the rubbing process between the counterface and the 
wear samples was continuously recorded through a Mettler Toledo load cell with 0.0098 N 
accuracy. The friction coefficient was calculated by dividing the friction force by the applied 
force. In order to calculate the specific wear rate (Ws) of the epoxy and its composites, the worn 
surface of the samples was carefully scrubbed by soft tissue paper soaked in acetone to remove 
any suspended particles on the worn surface. After that, an air dryer was used to remove any 
remaining moisture. The mass loss for each sample was measured after every kilometre of the 
sliding distance, up to a total of 6 Km, by using a mass scale with an accuracy of 1*10−5 g.  




 (𝑚𝑚3/N.mm) …………………………………      (1) 
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where ∆𝑉 is the worn volume ( 𝑚𝑚3), L is the sliding distance (m) and 𝐹𝑁 is the normal load 
(N). For repeatability of the adhesive wear test, at least 3 samples were tested at the same wear 
conditions for each composite and the average values were plotted. 
     The surface roughness of the wear track and the worn surfaces were measured before and 
after each test by using a MarSurf M 400 profilometer. The interface temperature at the rubbing 
process was measured by a Testo 876 thermal camera.  
2.3.4. SEM analysis 
     The worn surfaces of the wear samples, as well as the fractured surfaces of the tensile 
specimens, were investigated by using a scanning electron microscope JEOL JCM-6000 
Benchtop, at the acceleration voltage of 5 Kv. Before the SEM observations, the studied 
surfaces were coated with a thin layer of gold to enhance their conductivity by using an ion 
sputtering device (JEOL Smart Coater).  
3. Results and discussion 
 
3.1. FTIR analysis and X-ray diffraction measurements 
      FTIR spectral measurements were used to determine the functional groups present in 
the materials, and interactions between GNPs and epoxy molecules. FTIR spectra of graphene 
nanoplatelets, pure epoxy, and epoxy-GNPs-4.5 composite are shown in Fig. 3. In the figure, 
infrared (IR) spectra of GNPs show small peaks at around 1550 cm-1and 1650 cm-1, which are 
corresponding to a C=O stretching vibration of the carboxylic group and the contribution of 
skeletal graphitic carbon atoms [23]. IR spectra of pure epoxy reveal that it has main peaks at: 
i) 1604 cm-1, 1505 cm-1, and 1454 cm-1, which are assigned to a C-C stretching vibration of 
aromatic rings; ii) 1298 cm-1assigned to asymmetrical deformation of –CH2  groups; iii) 1253 
cm-1assigned to asymmetrical aromatic C-O stretching; iv) 1224 cm-1assigned to asymmetrical 
aliphatic C-O stretching; v) 1032 cm-1assigned to symmetrical aromatic C-O stretching; vi) 826 
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cm-1assigned to -CH out of plane deformation in aromatic and epoxide ring vibrations; and vii) 
593 cm-1assigned to the frequency of aromatic groups.  
    These results reveal the polymerization of the monomer with the hardener and the 
successful formation of solid epoxy resin. It was found that the IR spectrum of the epoxy 
composite prepared with less content of GNPs is similar to that of neat epoxy, except the main 
bands observed in the composites were shifted to wave numbers by 5 to 15 cm-1, indicating the 
formation of composites through physical or Van der Waals interactions between epoxy 
molecules and GNPs. From FTIR spectra of composites, it can be noticed that the absorption 
peaks at 1505 cm-1, 1253 cm-1, 1224 cm-1, and 826 cm-1 are increases with the presence of 
GNPs and these results clearly show the physical presence of GNPs in the epoxy matrix in the 
composites. Similar IR trend was observed on expanded graphene nanoplatelets reinforced 
epoxy [24]. 
 
Fig. 3: FTIR spectra of GNPs, neat epoxy and epoxy-GNPs-4.5 composite; wavenumber of 
(500-2000). (A colour version of this figure can be viewed online.) 
     X-ray diffraction studies were conducted to determine the differences in the crystalline 
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GNPs-4.5 composite are presented in Fig. 4. Fig. 4 shows that graphene nanoplatelets have a 
diffraction peak at about 2θ= 26.7°, which is assigned to the ordered structure of graphitic 
carbon and indicates good crystallinity [7]. This value is in a good agreement with literature 
values [7, 25]. The strong sharp reflection of pure GNPs at 2θ= 26.7°, corresponding to the 
interlayer spacing of 0.34 nm, and unique spacing of graphene units in 0 0 2 plane is seen 
clearly. The diffraction pattern of pure epoxy clearly shows that it is completely amorphous. 
The diffraction pattern of epoxy composites prepared with less content of GNPs has similar 
structural features to that of pure epoxy, except a small broad pattern appears in the range of 
13-18°, suggesting that the completely amorphous nature of pure epoxy was changed to partial 
semicrystalline behaviour.  
 
Fig. 4: XRD patterns of GNPs, neat epoxy and epoxy-GNPs-4.5 composite. (A colour version 
of this figure can be viewed online.) 
 
3.2. Mechanical characteristics  
      The mechanical properties of epoxy and its composites, including the tensile strength, 























strength and modulus of elasticity for the different epoxy composites incorporated with the 
different weight percentages of graphene nanoplatelets (GNPs). The mechanical properties of 
neat epoxy are in agreement with published studies: 58 - 94 MPa for the tensile strength and 
0.6 - 2.7 GPa for the stiffness [5, 26]. There is a positive correlation between the stiffness and 
the wt. % of GNPs, i.e., an increase by 13% and 15% for additions of 3 wt. % and 4.5 wt. %, 
respectively, of GNPs. In contrast, the tensile strength and the fracture strain did not follow the 
same trend as the stiffness. Neat epoxy exhibited higher values of strength and fracture strain 
compared with GNP additions. The addition of GNPs reduced the fracture strength and its 
associated strain, for instance, the content of 4.5 wt. % of GNPs reduced the tensile strength 
by 22% and the fracture strain by 45%, compared with the neat epoxy. Table 1 presents the 
fracture strain, toughness and shore D hardness of epoxy and its composites. The incorporation 
of GNPs into epoxy increased the composite hardness while the fracture strain and toughness 
were reduced. Similar results have been reported on different polymer nanocomposites 
including; graphite/polyester [6], GNPs/PEEK [7] and graphite/epoxy [26].  
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Table 1. Effects of GNPs addition on the mechanical properties; fracture strain, toughness 
and hardness of epoxy composites.  
 Fracture strain % Toughness (MJ.𝒎𝟑) Shore D hardness 
Pure Epoxy 7.9±1.5 2.67±0.71 79.0±0.82 
Epoxy-GNPs-1.5 4.6±0.33 0.96±0.1 82.3±0.85 
Epoxy-GNPs-3 4.4±0.42 0.92±0.14 83.3±0.62 
Epoxy-GNPs-4.5 4.3±0.36 0.93±0.16 85±0.8 
 
      The improvement in the epoxy’s stiffness by adding the GNPs is not related to the 
change in the epoxy’s microstructure. The GNP additions are un-functionalized graphene; thus 
they have no ability to change the density of the cross-linking structure of epoxy by raising or 
decreasing the fraction of the network phase [27]. Instead, this improvement could be primarily 
attributed to the role of the mixture by taking into account interfacial efficiency. The GNPs’ 
stiffness is around 1000 GPa [5]; also the nanofillers provide a huge surface area per unit mass, 
300 𝑚2/𝑔 in this study. This also explains the tendency to increase hardness with an increase 
of the GNPs’ weight fraction. Similar conclusions have been reported for other polymeric 
systems, for instance, UHMWPE [16], and PEEK [7]. 
      The primary reason behind the reduction in the tensile strength is related to the 
aggregation and the agglomeration of the nanofillers, which caused a low interaction with the 
polymer matrix, thus producing stress raisers inside the matrix. The aggregation of GNPs and 
their weak interfacial adhesion with the matrix can explain this reduction in the strength. GNPs 
tend to aggregate due to the Van der Waals forces and π−π interactions between graphene 
layers, which usually makes the dispersion process inside the epoxy matrix a challenge [28, 
29]. Also, the exothermic heat flow produced during the stirring process supports the 
agglomeration of GNPs by reducing the epoxy matrix’s viscosity. Moreover, the crystal 
structure of GNPs’ fillers inside the epoxy network structure might produce embrittlement 
phases and thus reduce the polymers’ fracture strength and strain [6]. Brittleness leads to 
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restriction of the molecular chain movement inside the epoxy matrix, which is indicated by a 
high reduction in fracture strain [27].  
      The interactions between the GNPs and the matrix have a significant effect on the 
fracture toughness [27]. As mentioned above, there are no chemical bonds between the GNPs 
and epoxy matrix to affect the epoxy matrix’s properties. However, all epoxy-GNP composites 
exhibited lower toughness compared with neat epoxy. This is in agreement with the literature, 
as reviewed by [30], it was found that the toughness of epoxy dropped when the weight fraction 
of graphene exceeds 1 wt.%. Prior research studies indicate that functionalized graphene 
exhibits a lower reduction on the toughness of polymers compared with un-functionalized 
graphene [27, 31]. Further evidence of the fracture mechanisms is presented in Fig. 6, which 
shows the SEM micrographs of the fractured surfaces after the tensile testing. In the neat epoxy 
(Fig. 6[a]), the fractured surface has a cleavage failure associated with high shear resistance as 
indicated by stretching, which is typical for epoxy and demonstrated by its highest fracture 
strain and toughness. 
      The fractured surface of neat epoxy has more stretching marks indicated by the river-
like pattern (Fig. 6[a]), while graphene addition induced more brittle behaviours at the fracture 
surfaces (Fig. 6[b, c & d]). The squamous-like pattern indicates a high degree of brittle 
behaviour for the matrix composite. Where there is a higher content of GNPs, the squamous-
like morphology becomes more visible due to the increase of graphene fraction, as shown in 
(Fig. 6[c & d]). All composites show no evidence of manufacturing defects such as voids and 




Fig. 6: SEM micrographs of neat epoxy and epoxy-GNP composites after tensile testing: (a) 
Neat epoxy, (b) Epoxy-GNPs - 1.5, (c) Epoxy-GNPs – 3 and (d) Epoxy-GNPs - 4.5.  
 
3.3. Tribological behaviours 
      To assess the wear performance of the epoxy-GNP composites, dry adhesive wear tests 
were carried out by using the BOR machine. The effect of GNPs on the specific wear rate, COF 
and interface temperature are evaluated and discussed in this section. The worn surfaces were 
observed using SEM to identify the wear mechanisms. 
3.3.1. Wear performance  
      The wear behaviour of the epoxy-GNP composites was evaluated considering the 
different weight percentages of GNPs. Fig. 7 clearly shows the positive influence of GNPs on 
reducing the wear rate of epoxy at 30N of applied load and after 6 km of sliding distance. The 
average specific wear rate of the neat epoxy was about 1.04 ∓ 0.13 × 10−5 𝑚𝑚3/N.m, which 
is in good agreement with the value of 1.6× 10−5 𝑚𝑚3/N.m obtained by Shalwan and Yousif 



















concentration of GNPs leads to a lower wear rate at this wear condition. For instance, a 4.5 wt. 
% of GNPs reduced the specific wear rate by 76% compared with the neat epoxy. This 
improvement is attributed to the ability of GNPs to produce a stable transfer film. The created 
transfer film acts as a thin coating layer during the rubbing process between the steel 
counterface and the worn surface, and thus protects the worn surface from further material 
removal. 
 
Fig. 7: Average specific wear rate of epoxy-GNP composites, at 30N of applied loads and 
after 6 km of sliding distance. 
 
      The effect of the applied load on the wear rate of the composites is presented in Fig. 8. 
For all composites, 30N of applied load showed a good wear resistance, with the lowest values 
for the specific wear rates. There is increasing mass loss with the increase of applied load. An 
applied load above 30N shows the transition from mild wear to severe wear. A similar 
observation has been reported through other published works on epoxy composites [32]. A 
possible reason for the lower wear rate of 30N when compared with 15N is that the higher 
induced interface temperature at 30N leads to the formation of a thin viscoelastic layer. This 
thin layer helps to avoid the initiation of brittle cracking in the matrix under the fatigue loads. 
































However, higher applied loads of 45N and 60N lead to induced high thermo-mechanical stress 
at the wear zone. The same trend was reported for wood/acrylic resin [24] and graphite/cotton 
reinforced polyester [34]. Moreover, it was observed that the HDT plays a critical role, as once 
the interface temperature reaches above the HDT of epoxy, 65 ℃, and at the same time the 
sample is subject to high mechanical shear stress, frictional contact causes molecule bonding 
failure and a loss of load-bearing capacity of the epoxy matrix [11], resulting in further material 
removal. 
      The presence of GNPs leads to producing a stable and continuous transfer film. This 
may explain the improvement in wear resistance under 30N, compared with neat epoxy, as 
shown in Fig. 7. However, at a higher above 30N, the specific wear rate was adversely affected 
by the applied load, especially in the case of the highest GNP content, 4.5 wt. %. This behaviour 
is due to a high reduction in the epoxy’s toughness because of the GNP additions, which 
encourages the fatigue wear mechanism [13]. Higher percentages of fillers above a certain limit 
would be counterproductive for tribological behaviours due to a drastic decrease in the 
composite’s toughness and strength, especially at high applied loads. The high thermo-
mechanical loading at 60N causes more removal of material from the rubbing zone. In the same 
case of 60N, neat epoxy suffered from greater thermo-mechanical stress and burnt traces were 
noticed on the worn surface. However, it is worthwhile mentioning here that the glass transition 
temperature of neat epoxy is around 100 ℃ [35], while the maximum recorded interface 
temperature was 73.5 ℃. This highlights the importance of polymers’ specific temperature, the 




Fig. 8: Influence of  applied load on the specific wear rate of epoxy-GNP composites.  
 
3.3.2. Frictional behaviours 
      One of the primary objectives of adding GNPs was to reduce the COF of the epoxy. 
Frictional behaviours of epoxy are presented in Figs. 9 and 10, considering the sliding distance, 
applied loads and the percentages by weight of GNPs. Fig. 9 shows COF curves for neat epoxy 
and its composites over 6 km at a mild load of 30N (Fig. 9[a]) and at a high applied load of 
60N (Fig. 9[b]). For Fig. 9[a], the steady-state value of neat epoxy at 30N is about 0.56∓0.048, 
in good agreement with the value of 0.61 previously obtained by Shalwan and Yousif [26], 
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Fig. 9: COF curves of the epoxy-GNP composites over 6km of sliding distance; (a): at 30N 
and (b): at 60N. Where ** indicates that the interface temperature is above the HDT of 
epoxy. 
 
      Compared with neat epoxy, the COF benefitted by the additions of GNPs under 
different load conditions. The COF values confirmed the lubrication capability of graphene to 
reduce the COF of epoxy. This COF reduction is due to the trapped graphene particles that 
have become detached from the worn surface acting as a lubricant film layer between the worn 
surface of the specimen and the steel counterface. This behaviour is linked with the lamellar 
structure of graphene where, for each layer, its atoms are coordinated within a hexagonal unit 
cell [29]. The bonds between the layers are dominated by the Van der Waals forces, which are 
easily fragmented by the adhesive shear force [37]. The Van der Waals energy is inversely 
proportional to the PV value [1]. The peeled layers develop into a thin lubricant layer that 
effectively reduces the COF.  
      The current study shows that the transfer film depends on the content of the GNPs, the 
applied load and the interface temperature at the wear zone. All GNPs showed a stable transfer 
film in the steady-state region. It was observed that the more the GNP content, the more stable 
the film. A similar phenomenon has been reported for other types of solid lubricants such as 
polytetrafluoroethylene [38], molybdenum disulfide [14] and graphite [39]. At a high load of 







































































distance. This sudden change in COF took place when the interface temperature reached the 
HDT of the neat epoxy, 65 ℃. Many researchers have investigated the temperature on the wear 
and frictional behaviours of polymers. For instance, Tahir, Abdollah, Hasan and Amiruddin [8] 
studied the effect of the operating temperature on the tribological behaviour of carbon fibre 
composites with a different epoxy system. They reported that the temperature has a high 
influence on the COF behaviour, a drastic increase in the COF was reported at 90 ℃, below 
the glass transition temperature ( 𝑇𝑔 ) of the epoxy, 100 ℃ [35]. HDT is below the𝑇𝑔, however, 
it may lead to a molecular bonding failure of the resin matrix, especially under the high 
mechanical stress of dynamic loads. More evidence is shown in terms of the roughness and 
SEM micrographs in the following sections.  
      Compared with the neat epoxy, the presence of GNPs showed much more stable COF 
curves during the tests under the different applied loads, as shown in (Fig. 9[b]). This behaviour 
is mainly attributed to two scenarios. First, GNPs have a high capability of improving the 
thermal conductivity of polymers [5, 24, 40, 41]. For instance, Wang, Drzal, Qin and Huang 
[5] have studied the effect of GNPs with a weight fraction of 0 - 5 wt. % on the thermal 
conductivity of epoxy which increased by 115% compared with neat epoxy, when adding 5 wt. 
% of GNPs. This improvement in the thermal conductivity led to an increased rate of heat 
dissipation at the wear zone and thus reduced the thermal stress at the worn surface.  Increasing 
the thermal conductivity leads to a reduction in the interface temperature, as discussed in 
Section 3.3.3. This effect is one of the distinct properties of graphene and graphite, compared 
with other solid lubricants. The second scenario is related to the possibility of GNPs to increase 
𝑇𝑔 as reported by many studies [42-45], thus increasing the range of the working temperature.  
      The influence of the applied load on the COF is presented in Fig. 10. The COF 
decreased with the increase of the applied load. As the friction force at the interface increases, 
the film generation between both rubbed surfaces becomes greater with the rise of the interface 
80 
 
temperature, which is also affected by the applied load. Similar behaviours have been reported 
in other polymeric composite systems, such as polyester [46], PTFE [47] and polypropylene 
[48].     
 
Fig. 10: Influence of different applied loads on the COF of epoxy-GNP composites. 
 3.3.3. Interfacial temperature and roughness  
      Unlike metals, the wear performance of polymers is highly influenced by heat 
generation in the contact zone. The primary reason behind this is their low thermal 
conductivities, which limits their permissible work temperature. Our study shows that GNPs 
improved the heat dissipation at the contact zone, indicated by lower interface temperatures 
compared with the neat epoxy, as shown in Fig. 11[a]. The accuracy in temperature 
measurement was about ± 3 ℃. The temperature increased along with the sliding distance. The 
maximum recorded interface temperature was 73.5 ℃ for the neat epoxy at 60N of applied load 
and after 6 km, exceeding the HDT of neat epoxy, 65 ℃. Since the interface temperature 
exceeded the HDT, there was increased roughness and contact surface area with the softening 
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      In comparison, the presence of GNPs showed a positive effect on the interface 
temperature, about a 21.6% reduction in the temperature with a 4.5 wt. % addition of GNPs. 
This reduction in the interface temperature is mainly attributed to the expected improvement 
of the thermal conductivity of epoxy by adding GNPs. In a study by Wang, Drzal, Qin and 
Huang [5], the thermal conductivity increased by about 100% with 4.5 wt. % of GNPs 
compared with neat epoxy. In our study, the temperature reduction was slightly lower 
compared with the expected improvement in the conductivity. One possible reason is that the 
dissipation of the generated heat depends on the contact area, which is very small on the BOR 
configuration test. Another possible reason could be the possible aggregation of GNPs inside 
the epoxy matrix, which causes a reduction in the thermal properties [5, 49]. 
 
Fig. 11: Interface temperature of epoxy-GNP composites: (a) interface temperature curve 
versus sliding distance at 60N; (b) influence of the applied load on the interface temperature. 
 
      The influence of the applied load on the interface temperature of graphene epoxy 
composites is presented in Fig. 11[b]. The interface temperature is a function of the applied 
load since the heat generation highly depends on the applied load. The maximum interface 
temperatures occurred with neat epoxy for all the applied loads, while a 4.5 wt.% achieves the 






























































      The rubbing process has a significant impact on the worn surface. Fig. 12[a & b] plots 
the averages of roughness measurements before and after adhesive wear tests for epoxy and its 
composites. The results show that the roughness is dependent on the applied load. At the 
intermediate wear region, i.e., at an applied load of less than 30N, there was not much 
difference in the roughness for all materials. However, the roughness varied significantly after 
the transition from mild to severe wear. In Fig. 12[a], the roughness of the neat epoxy after the 
adhesive wear tests dramatically increased by about 700%, primarily because the interface 
temperature of epoxy exceeded the HDT. The loose particles were stacked over the worn 
surface, which increased the roughness of the worn surface.  
      Similar trends were observed for the epoxy-GNP composites, although the change in 
roughness was much less. Fig.12 [b] shows the roughness after the adhesive wear for epoxy 
and its composites after 6 km and at 45N. The average roughness of epoxy-GNP composites 
was lower compared with neat epoxy. However, the transfer films of the 1.5 and 3 wt. % of 
samples reached a stable condition. Moreover, a thicker transfer film was observed in the 4.5 
wt. % samples at a high applied load. 
 
Fig. 12: Ra roughness values before and after adhesive wear test: (a) for neat epoxy at 
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3.3.4. Surface SEM analysis 
      SEM images of epoxy and its composites after the adhesive wear test against the 
stainless steel counterface are presented in Figs. 13 and 14. In all cases, these images reveal 
the deformation and softening processes on the worn surfaces. The effect of the different 
applied loads on the worn surface of neat epoxy is shown in Fig. 13. At the lower end of the 
applied load, a large number of cracks and cold rupture signs appear on the worn surface, as 
shown in Fig. 13[a]. The worn surface suffered from softening and deformation with an applied 
load of 30N, (see Fig. 13[b]). This deformation is due to an unstable transfer film over the worn 
surface which protected it from severe wear signs. At a higher applied load, the worn surface 
of neat epoxy was considerably rougher, and there were loose debris and extensive signs of 
deformation. For instance, at 45N, the deformed and loose debris were stacked over the worn 
surface, due to the significant frictional heat. At 60N of applied load (see Fig. 13[d]), there is 
evidence of fragmentation, peel off, delaminated layers, detachment and a ruptured surface. 
These observations are closely related to the high thermo-mechanical stress on the worn surface 
of the sample. Also, the interface temperature plays an important role in epoxy composites’ 
wear performance. When the interfacial temperature is below neat epoxy’s HDT, the frictional 
contact provides good conditions to create a stable transfer film. Once the interface temperature 
exceeds this HDT, severe wear signs, as well as a high COF and a high wear rate, will appear.  
      Many studies have shown that solid lubricant fillers have a significant effect in 
improving the COF and the wear resistance of polymers [7, 12, 27]. The primary reason for 
using these materials is their ability to create a stable transfer film during the rubbing process, 
especially between the steel and polymer contact pairs. Fig. 14 shows the SEM images of 
epoxy-GNPs composites at an applied load of 30N. Softening and deformation processes on 
the worn surface of the neat epoxy were noted. Also, there were micro-cracks and 
fragmentation signs on the surface due to thermo-mechanical stresses at the contact interface. 
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At the same time, the average COF was approximately 0.56. A high rate of mass loss was 
recorded in this case, confirmed by the relatively high wear rate, as shown in Fig.7.   
      Compared with neat epoxy, GNP additions exhibited a noticeable improvement on the 
worn surfaces. All additions represented a notably stable transfer film that covered the worn 
surfaces. This can explain the low values of COF and Ws obtained, compared with neat epoxy. 
Incorporating GNPs with epoxy changed the wear mechanism due to GNPs’ lubrication effect. 
Also, adding GNPs reduced the interface temperature, which led to decreasing the 
accompanying thermal stress due to the rubbing process on the worn surface. 
 
Fig. 13: SEM micrographs of neat epoxy after adhesive wear test by BOR, at different 


















Fig. 14: SEM micrographs of epoxy and its composites after adhesive at 30N of the applied 
load. 
 
3.4. Tribological and mechanical correlation 
      The wear process of polymers is complex, as it depends on various factors, including 
the type of contact, applied load, sliding velocity, and interface temperature. Limited studies 
have discussed the correlation between the mechanical and tribological behaviours for 
polymers. In this section and in the light of our test data, we attempt to understand the effect 
of the different mechanical properties on epoxy’s tribological performance. Fig. 15 presents a 
plot of epoxy versus the weight fraction of GNPs in terms of the mechanical properties under 
investigation, fracture strength, stiffness and hardness, as well as the tribological properties of 
COF and Ws. To involve the effect of the applied load on the correlation study, the intermediate 
applied load of 30N, and the highest applied load of 60N are considered, as shown in Fig. 15[a 
& b].  
 Regarding the effect of the individual mechanical properties on the COF, it is clear that 
there is no significant correlation between them. The trend of COF with respect to the GNP 
b) 1.5 wt. % 
Film transfer 
a) Epoxy  
Deformation & softening 
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content stays similar at both applied loads. This is because COF, in this case, is highly 
influenced by the transfer film process, which, in turn, is affected by the content of GNPs. In 
other words, COF is mainly dependent on the surface properties of the rubbing surfaces, and 
the interface temperature at the contact zone [10, 55]. In contrast, Alajmi and Shalwan [51] 
reported that COF was directly related to mechanical properties, however, their analysis was a 
statistical point of view. 
  The specific wear rate is sensitive to the brittle behaviours of the epoxy-GNP 
composites, especially at a high applied load. The GNPs’ addition may accelerate the brittle 
fracture of epoxy–––resulting in higher fatigue stress. Higher additions of GNPs have been 
shown to lead to reduced toughness, strength and failure strain of epoxy, which also leads to 
lowering its load-bearing capacity [4]. Rasheva, Zhang and Burkhart [50] studied the relation 
between the mechanical and tribological properties of carbon fibre reinforced PEEK. They 
stated that strength and stiffness do not necessarily correspond to higher wear resistance. 
Chand, Sharma and Fahim [52] studied the correlation between wear resistance and the 
mechanical properties of polyethene reinforced by treated and untreated silane fibre. Their 
results showed a linear relation in the case of treated fibre, and, in contrast, no noticeable 
relation in the case of untreated fibre. In another study, Alajmi and Shalwan [51] showed no 
noticeable correlation between both properties, however, the study did not take consideration 
the influence of the applied load. 
It must be kept in mind that the wear process is very complex and could affect the bulk’s 
mechanical properties. For instance, wear is accompanied by frictional heat that could 
significantly affect mechanical properties such as stiffness and hardness. At a higher applied 
load, the deformation of epoxy composites becomes plastic rather than elastic, due to the 
increase of interface temperature. It is worth mentioning here that a polymer’s deformation 
remains elastic unless reaching the polymer’s softening temperature [9]. At a high applied load, 
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there are intense thermo-mechanical stresses––resulting in cracking the physical bonds 
between the epoxy and GNPs. At a high concentration of GNP, the possibilities are much 
greater due to the aggregation phenomenon. Therefore, it is often recommended to find the 
optimal content of nanofillers to avoid such defects. Overall, the correlation between the 









Fig. 15: Tribological (solid lines) and mechanical (dash lines) properties of epoxy-GNP 
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4. Conclusion  
Epoxy composites based on different weight fractions of graphene nanoplatelets, 0 - 
4.5 wt. %, were fabricated. The mechanical properties were evaluated, and the dry adhesive 
wear performance for all composites was investigated against a stainless steel counterface 
using the BOR machine. The main findings can be summarised in the following points:  
1. From the X-ray and FTIR results, it was found that epoxy has a physical interaction 
with GNPs which enhances the mechanical properties of composites (stiffness). 
2. GNPs’ addition increased epoxy’s stiffness and hardness, while it reduced its tensile 
strength, toughness and the fracture strain.  
3. GNPs’ addition showed a good ability to reduce friction and enhance the wear 
performance of the epoxy. For instance, a 4.5 wt. % of GNPs decreased the COF and 
Ws of epoxy by 36% and 75%, respectively. Moreover, it has a positive impact on 
dissipating the heat generation at the wear contact zone, indicated by a lower interface 
temperature, compared with neat epoxy. 
4. The correlation study between the mechanical and tribological behaviours revealed no 
strong relationship. However, at a higher applied load, brittleness corresponding with 
the increase of GNPs’ content had an adverse impact on wear performance by 
increasing the wear rate.  
      Finally, our study suggests that the optimum amount of GNPs in the epoxy should be 
less than 4.5 wt. %, which can reduce the COF and Ws with less possibility of nanofiller 
aggregation. Yet this low level of GNPs in epoxy also reduced the fatigue wear mechanism, 
which is not desirable with materials that have a brittle nature like epoxy. The study also shows 
the importance of using polymers that have a high heat distortion temperature in tribological 
applications. It is recommended here that reinforcing polymer nanocomposites with fibres can 
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Chapter 4: Experimental Investigations on Mechanical and Wear 
Performance of Developed Epoxy Composites Incorporating Flax 
Fibres and Graphene Nanoplatelets 
 
      The previous study showed the positive influence of GNPs on the wear performance 
and frictional behaviour of epoxy. However mechanically, despite the stiffness and hardness 
improvement, GNPs decreased the mechanical strength of epoxy, which reduced the load-
bearing capacity under tribological loads. In order to maximise the mechanical and tribological 
properties of epoxy at the same time, the effect of GNPs incorporated with flax fibre was 
investigated in Manuscript Ⅱ. The study started with the influence of different volume 
fractions of flax fibre on the tribological properties of epoxy. Three variant levels were studied 
– 15, 20 and 25 𝑉𝑓 . %. The results showed a positive relationship between the wear performance 
and the increase of 𝑉𝑓, therefore 25 𝑉𝑓 . % of flax fibre was chosen to be incorporated with 
GNPs. epoxy composites were developed based on incorporating of 25 𝑉𝑓 . % of flax and 1.5 
wt. % and 3 wt. % of GNPs. The results showed that the incorporation between GNPs and flax 
fibre exhibited a noticeable improvement in the wear performance accompanied by excellent 
mechanical properties, which represents a good solution to overcome the low load-bearing 
capacity of polymer nanocomposites. A similar observation to the first study was noted 
concerning the HDT effect on the neat epoxy and flax/epoxy composite. SEM observation 
showed a severe wear mechanism for both cases at higher applied loads. On the other hand, 
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      The inclusion of both fibre and solid lubricants into polymers may provide a potential 
solution to maximise their tribological and mechanical performance. This study investigates 
the effect of incorporating flax fibres and graphene nanoplatelets (GNPs) in epoxy composites, 
considering mechanical and adhesive wear behaviours of the composites. Dry adhesive wear 
experiments were conducted using a block on ring (BOR) machine against a stainless steel 
counterface. Adhesive wear performance was tested considering the effect of the fibre volume 
fraction (Vf) of flax fibre and different weight fractions of GNPs. Different applied loads (15-
60 N), covering the mild and severe wear regions, were considered. The worn surfaces were 
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examined using a scanning electron microscope (SEM). The results revealed that flax fibre 
potently improved the stiffness and tensile strength of epoxy. Increase of Vf of flax fibre 
showed a positive tendency to improvement in the wear resistance of epoxy, however with an 
insignificant change in the coefficient of friction (COF). More interestingly, heat distortion 
temperature (HDT) was found to be the main key parameter controlling the wear behaviours 
of the composites. In the case of neat epoxy and flax/epoxy composite, SEM observations 
indicated that severe wear signs—including detachment, fragmentation and fibre debonding—
were noted when the interface temperature reached the HDT of the epoxy. On the other hand, 
the inclusion of GNPs reduced the interface temperature during sliding as well as the COF of 
the flax/epoxy composite. Ultimately, incorporation of flax fibres and GNPs enhanced both 
mechanical and tribological performance of the composites. 
_________________________________________________________________________ 
Keywords: graphene nanoplatelets; epoxy; flax fibres; tribology and mechanical behaviours 
1. Introduction 
 
     Tribological applications of polymers are steadily increasing due to their high 
strength/weight ratio, which is often required in many applications, especially, when the weight 
is a particular concern [1-3]. However, the majority of polymers in their pristine form cannot 
provide high wear resistance with an optimum friction coefficient [4]. In fact, polymers under 
tribological loading conditions are more complex than metals as they have low stiffness and 
low thermal conductivity—resulting in a reduction in their melting points and thus their load-
bearing capacity under such kinds of loads [3, 4]. Consequently, tremendous work has been 
undertaken and is ongoing to improve polymeric composite performance to meet diverse 
industrial requirements and applications. 
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     Traditional fibres such as glass, aramid and carbon are currently the main 
reinforcements incorporated with nano-additives in order to enhance the load-bearing capacity 
of polymers. However, traditional synthetic fibres cause many serious environmental issues 
because of their high disposal rate and difficulties in recycling, thus producing non-degradable 
waste [5, 6]. More recently in 2009, the new concept of green tribology was launched, taking 
into consideration energy, ecological balance, biological and environmental impacts [7]. 
Therefore, to minimise or eliminate the environmental impact of synthetic fibres, there is a 
need for bio-tribo reinforcements. In this context, natural fibres as bio- reinforcement have 
offered greater environmental benefits than synthetic fibres [8-10]. Many studies have 
indicated that natural fibres—such as Grewia optiva [11], bamboo [12], jute [13], sugarcane 
and betelnut [14]—can improve the tribological and mechanical properties of polymers. Most 
have focused on the effect of treatments, orientation and length of natural fibre reinforcement 
on the wear and mechanical performance of polymers [2, 12, 13]. Natural fibre polymeric 
composites exhibited high load-bearing capacity, however, their frictional behaviours still 
make a challenge.  
     Solid lubricants such as graphite, graphene and molybdenum disulphide possess 
distinctive structures that allow movement among their parallel planes, which induce 
lubricating properties under shear strength e. Among the solid lubricant additives, carbon-based 
additives such as graphene and graphite are considered unique due to their high thermal 
conductivity. For instance, the thermal conductivity of graphene is 26,500 times higher than 
that of neat epoxy [15, 16].  Graphene is widely used to improve stiffness, wear resistance and 
thermal conductivity, and to reduce the COF of polymers [16-18]. Nano-additives, including 
graphene and graphite generally showed limitations as they significantly reduced the strength 
and toughness of polymers and thus decreased the load-bearing capacity [3]. For example, a 
relevant study reported the effect of graphite addition on the tribological and mechanical 
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properties of epoxy [19]. It was found that a 10 wt. % of graphite resulted in an 11% reduction 
in the COF, compared with neat epoxy, while the tensile strength was reduced by 33%. Similar 
trends have been reported by many researchers for various polymeric nanocomposites, 
including graphene nanoplatelets/polyether ether ketone (PEEK) [17], graphene/polystyrene 
[20] and expanded graphite and graphite oxide/polyethersulfone [21]. The aggregation 
phenomenon of the nanofillers is considered as inside the polymer' matrix the main reason for 
this reduction. Aggregation weakens the interfacial bonds between the nanofillers and the 
polymer matrix, which acts as a stress raiser and thus reduces the strength [19, 22].  The 
decrease in the number of deformation modes is also a possible reason, in the presence of such 
kind of nanofillers [17]. These shortfalls could be overcome by incorporating nanofillers with 
continuous-fibre (long fibre) reinforcement. 
      By looking at advantages of both solid lubricant materials and the natural fibres, their 
incorporating may offer a reasonable solution to overcome their limitations. Therefore, in this 
study, incorporating natural fibres and graphene nanoplatelets (GNPs) in epoxy composites is 
investigated from mechanical and tribological perspectives to gain the optimum performance 
for such composites to fulfil industrial needs. In this study, the adhesive wear test was 
conducted on the block on ring (BOR) tribometer at dry contact conditions and under different 
applied loads. Mechanical properties were evaluated through the tensile test and shore D 
hardness test. SEM technique was used to examine both fractured surfaces of tensile samples 
and the worn surfaces of wear samples. 
2. Material preparation and experimental procedure 
 
2.1. Materials  
 
     Flax fibres have been found to be very promising reinforcement in the current year and 
their production and industrial applications are increasing [23, 24] due to their high mechanical 
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properties and the potential to replace common synthetic fibres such as glass. Compared with 
glass fibre, flax fibre has an appreciable specific strength ( 1300 MPa/g cm-3 vs 1350 MPa/g 
cm-3 ) and specific modulus (20-70 GPa/g cm-3 vs 30 GPa/g cm-3) [25]. Herein, a unidirectional 
of pretreated flax fabric (Lineo, Belgium) with a thickness of 0.36 mm and areal density of 
200 g/m2 was selected as the fibre reinforcement for the epoxy composites.  
     In this study, grade C GNPs with an average surface area of 300 m2/g (manufactured 
by Sigma-Aldrich Pty, Sydney-Australia) were used as solid lubricant nanofillers. Epoxy resin 
R246TX with the corresponding curing hardener H160 (from ATL Composites Pty Ltd, 
Molendinar-Australia) was selected as the composite matrix. The post-curing temperature of 
the resin was below the service temperature for the flax fibres. The mixing ratio of epoxy and 
hardener was 4:1 by weight. The density of neat epoxy was 1.07 g/cm3 at 25°C. The HDT was 
65°C after the post-curing process at 100°C for four hours, as recommended by the supplier. 
Epoxy composites based on different concentrations of GNPs were prepared and labelled as 
‘flax/epoxy-GNPs-x’ for the flax-epoxy/graphene system, based on 25 𝑣𝑓.% of flax fibre and 
different weight fractions of GNPs, where x was the graphene weight percentage. 
2.2. Composite fabrication 
 
      The composites were produced in two stages. In the first stage, the epoxy-GNP mixtures 
were prepared based on the different weight fractions of GNPs—namely, 0, 1.5 and 3 wt. %. 
These weight percentages were selected to reduce the possibility of agglomeration/aggregation 
formation inside the matrix. The mixing process was conducted at a low speed of 250 rpm to 
ensure the homogeneity of the mixtures and avoid creating bubbles and generated heat. After 
mixing, the mixture was degassed inside the oven at 50°C for half an hour, under a constant 
vacuum pressure of ˗70 KPa to remove trapped air.  
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      In the second stage, the flax/epoxy composites based on different volume fractions (15, 
20 and 25 𝑣𝑓.%) were fabricated. The optimum volume fraction of the flax fibre was 
determined based on experimental results (see section 3.2.1). This optimum volume fraction 
was then used for the remaining investigations. Consequently, flax/epoxy-GNP composites 
based on 25 𝑣𝑓.% of flax fibre with different weight fractions of GNPs (0, 1.5 and 3 wt.%) 
were fabricated. The fabrication processes started by preparing the flax fibre ply. Masking tape 
was used to fix the fibres during the cutting process (Fig. 1[a]). The fibres were cut to the 
desired dimensions and then heated at 60°C in the oven for 30 minutes to remove humidity, as 
recommended by the provider. At the same time, the neat epoxy and epoxy/graphene matrices 
were prepared following the Stage 1 procedure described above.  
      Vacuum bagging with a hand layup technique was used to fabricate the flax/epoxy and 
flax/epoxy-GNP composites. Fibre mats wetted with resin were stacked alternatively in the 
mould (Fig. 1[b]). A peel-ply bag was used to minimise the resin outflow during the 
consolidation stage. The schematic of the vacuum layup is illustrated in Fig. 1[c]. For the 
tensile test samples, six-ply laminates (220 mm × 300 mm) were fabricated. For the wear 
samples, 30-ply laminates were used to prepare the samples (150 mm × 150 mm with a required 
thickness of 20 mm), where every six laminates were stacked and pressed under a vacuum 
pressure of 95 KPa for 10 minutes before combining them inside the mould. The assembly was 
kept under a constant vacuum of ˗95 KPa at room temperature for 24 hours for self-curing, and 




Fig. 1: Epoxy composites: (a) cutting and fixing the fibres, (b) vacuum bag of the tensile 
samples and (c) sectional view of vacuum bag composite. 
      The fabricated composites were cut into size with a diamond saw. For the tensile test, 
six laminate composites of 250 mm length, 25 mm width and 3 ± 0.22 mm thickness were 
obtained from each composite sample type, according to ASTM D3039. For the wear test, the 
composite samples were cut into the appropriate dimensions according to ASTM G77 for the 
BOR technique, as follows: 25 mm × 58 mm × 20 mm. 
2.3. Testing procedure 
 
      Tensile tests were conducted using an MTS 810 TestStar material testing machine with 
10 KN load cell. The loading rate was 1 mm/min for all samples for the neat epoxy, in 
conformity with ASTM D638-99, and ASTM D3039 for the flax/epoxy and flax/epoxy-GNP 




















(c) Vacuum bagging 
sectional view A-A 













were determined. The hardness of the fabricated composites was measured using a durometer 
Type D in conformity with ASTM D2240. Three readings were obtained for each composite. 
      In tribological applications, there are various applications in which traditional 
lubrication systems are not allowed, such as food industries and electrical systems. Therefore, 
the dry wear mechanism dominates the interaction between the contacting surfaces. 
Accordingly, in this study, the wear performances of epoxy and its composites were determined 
by using a BOR machine, shown in Fig. 2(a), following ASTM G77 [27]. The orientation of 
the fibres was maintained as perpendicular with respect to the sliding direction, as shown in 
Fig. 2(b), and as recommended from the previous studies [1, 28, 29]. The samples were rotated 
against a AISI 304-stainless steel counterface (hardness = 1,250 HB, Ra = 0.2 µm, outer 
diameter = 220 mm) for 6 km of sliding distance at room temperature. The pressure velocity 
(PV) value was varied by using different load levels—specifically, 15, 30, 45 and 60 N. These 
loads corresponded with contact pressures that ranged from 0.35 to 0.53 MPa at the steady-
state region, as determined by finite element modelling (Abaqus). The sliding velocity was 
fixed for all tests at 2 m/s. These values were selected to simulate mild and severe adhesive 
wear for bearing applications at the steady-state region, where the PV values ranged from 0.33 
to 3.9 MPa.m/s [1, 26].  
      The rubbing surfaces of the stainless steel counterface and the samples were pre-
polished with 1,000 grit grinding paper, and then washed with acetone. The roughness, Ra 
values, were controlled to be less than Ra = 0.2 µm for the neat epoxy and steel counterface, 
and around Ra = 0.7 µm for the flax/epoxy-GNP composites. The worn surfaces of the samples 
were scrubbed with soft tissue paper that was previously drenched with acetone to remove any 
suspended particles. After drying with an air dryer, the specimen weights were measured. The 
weight loss was obtained by using a scale with an accuracy of 1 × 10-5 g. The friction load cell, 
fixed in the load lever, continuously recorded the tangential friction force. Each composite was 
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tested three times under the same operating parameters, and then the average specific wear 




 (𝑚𝑚3/N.mm) …………………………………      (1) 
where ∆𝑉 = volume loss (mm3) during test duration, 𝐹𝑁 = normal load in (N) and L = sliding 
distance in (m). 
      MarSurf M 400 was used to determine the roughness before and after each test for the 
worn surfaces and steel counterface. The thermal image device, Testo 876, was used to measure 
the interface temperature during the adhesive wear tests. The worn surfaces and fractured 
tensile samples were examined using a SEM, JEOL JCM-6000, BENCHTOP, with 5 kV 
acceleration voltage. To improve the conductivity of the samples, the studied surface was pre-
coated by a thin layer of gold using the ion sputtering device, JEOL Smart Coater. 
 
Fig. 2: Schematic drawing of tribometer and specimen: (a) schematic illustration of BOR 








3. Results and discussion 
 
3.1. Mechanical properties 
 
      The mechanical properties of epoxy and its composites—tensile strength, stiffness, 
failure strain and Shore D hardness—were evaluated and are tabulated in Table 1. A notable 
improvement could be seen in terms of tensile strength and the stiffness of the epoxy and 
epoxy/graphene-based matrices. The average tensile strength and stiffness of the flax/epoxy 
composite samples without GNP addition were 132.0 ± 4.5 MPa and 7.8 ± 0.6 GPa, 
respectively, which corresponded to improvements of about 116% and 572% compared with 
the neat epoxy. 
      The tensile strength and stiffness of the flax/epoxy composite is compared with other 
natural fibre–epoxy composites in Table 2. Clearly, our composite exhibited competitive 
mechanical properties compared with other natural fibre reinforced epoxy composites, 
including date palm, kenaf and bamboo fibre. This is mainly a result of the engineered 
unidirectional fabric of flax fibre, which has no fibre twist and no chemical treatment. In 
addition, the vacuum bag setup with bridging block, shown in Fig. 1[c], enabled more efficient 
air/volatile evacuation during the cure to achieve low porosity and high strength. 
     In this study, for flax/epoxy-GNP-1.5 composite, a tensile strength of 130.0 ± 20.5 MPa 
was obtained, which corresponded with an improvement of 110% compared with the neat 
epoxy (without GNPs it was 116%), and an enhancement of 675% in stiffness. Comparatively, 
the 3 wt. % addition of GNPs achieved less improvement on the tensile strength and stiffness, 
by about 76% and 580% respectively. This could be due to the polarities of the additive surface 
of GNPs and epoxy matrix and the change in the deformation fracture [17, 30]. The 
phenomenon of aggregations phenomena is another possible reason leading to reducing the 
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strength, especially at a high content of nanofillers [19, 22]. Overall, the improvements in the 
mechanical properties are mainly attributed to as the presence of flax fibre. 
Table 1: Effects of GNP addition on the mechanical properties of epoxy composites. 








Neat epoxy 61.5 ± 3.3 1.16 ± 0.04 7.9 ± 1.5 79.0 ± 0.82 
Flax/epoxy 132.0 ± 4.5 7.8 ± 0.6 2.13 ± 0.15 81.7 ± 1.25 
Flax/epoxy-GNPs-1.5 130.0 ± 20.5 9.0 ± 0.2 1.62 ± 0.37 83.3 ± 0.24 
Flax/epoxy-GNPs-3 108 ± 18.7 7.9 ± 0.4 2.3 ± 0.37 85.0 ± 0.41 
 
 
Table 2: Tensile strength and stiffness of flax/epoxy composite and other natural fibre–epoxy 
composites from the literature. 




















Epoxy 25 Vf.% 
flax fibre 
132 ± 4.5 7.8 ± 0.6 115% and 572% 115% and 
572% 
[22] Epoxy 35 Vf.% 
date palm fibre 
67 ± 4.0 1.35 ± 0.16 22% and 111% 15% and 79% 
[31] Epoxy 48 wt.% 
kenaf fibre 
106.1 ± 2.5 10.7 ± 0.25 122% and 393% 72% and 233% 
[32] Epoxy 42 Vf.% 
bamboo fibre 
222.7 ± 20 13.1 ± 2 181% and 424% 107% and 
252% 
 
      Fig. 3 presents SEM photographs of neat epoxy and flax/epoxy-GNP composites. The 
fracture surface of neat epoxy in (Fig. 3[a]) had a cleavage failure associated with signs of 
stretching, which is a typical feature of epoxy [31]. River-like patterns indicated that the 
material had more plastic deformation and exhibited more ductile fracture. For certain 
flax/epoxy-GNP composites, no pull-out signs can be seen, which explains the excellent 
improvement in the tensile strength and stiffness of the materials. For flax/epoxy composite, 
epoxy matrix (Fig. 3[b]) exhibited stretching signs indicated during the tensioning process, 
while breakage in the matrix was also noted. In the case of flax/epoxy-GNP composites (Fig. 
3[c] and [d]), epoxy-GNP matrices displayed a squamous-like due to the presence of GNPs. 
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The squamous-like pattern indicates a high degree of brittle behaviour for the matrix composite 
which becomes more visible with the increase of GNPs fraction.  In the current study, all 
composites showed a uniform microstructure and had no sign of voids or bubbles. This was 
achieved by controlled mixing and using a particular mould for the vacuum bagging technique 
(shown in Fig. 1[d]) during the fabrication, where the bridges could help squeeze out the 
bubbles into the sides and corners. 
 





River-like  Stretching 
Micro-crack 
Fracture 







Debonding of fibre 
  
Squamous-like 







Fig. 3: SEM micrographs of (a) neat epoxy, (b) flax/epoxy composite, (c) flax/epoxy-GNP-
1.5 and (d) flax/epoxy-GNP-3, after tensile testing. 
 
3.2. Tribological behaviours 
 
3.2.1. Effect of fibre volume fraction 
 
          To determine the optimum fibre volume fraction of flax fibre for wear and frictional 
properties of epoxy, the tribological behaviours of flax/epoxy composites based on different 
fibre volume fractions of flax fibre (15, 20 and 25 𝑉𝑓.%) were examined using a BOR machine 
under a dry condition at room temperature. The wear test in this stage was conducted at the 
mild wear region, i.e., at 30N of the applied load. Fig. 4 represents the specific wear rate and 
COF of flax/epoxy composites with increasing fibre volume fractions. First, a clear 
improvement can be seen on the wear performance of epoxy achieved by the flax fibre 
reinforcement. For the low volume fraction of 15 𝑉𝑓.%, an insignificant reduction in the 
specific wear rate of 5% was obtained. The main reason for this meagre reduction could be the 
high portion of unreinforced worn surface, as observed by SEM (Fig. 5[a]). However, a notable 
30% reduction in the wear rate was achieved with 20 𝑉𝑓.% and 37% with 25 𝑉𝑓.%. This 
improvement came from the resistance of long fibre to being pulled out and extracted from the 








shown in Fig. 2(b). This orientation is the best position to resist fibre detachment and pull-out 
of the matrix  [1, 28]. 
     Concerning COF, 15 𝑉𝑓.% of flax fibre exhibited a high relative COF in comparison 
with the neat epoxy, increased by  25%. In contrast, a higher Vf  slightly decreased the COF 
compared with neat epoxy. For instance, 20 and 25 𝑉𝑓.% of flax fibre reduced the COF by 
about 7%—an insignificant decrease. As shown in Fig. 5, increasing the 𝑉𝑓 of flax fibre resulted 
in a smoother surface, which reduced the surface roughness and thus the COF. At a low value 
of Vf, the COF increased because the fibre density surface is decreased, resulting in an 
irregularly worn surface. 
       Many studies have revealed that natural fibres have a positive effect in terms of 
reducing the polymer’s COF, as reported for different types of fibres, such as kenaf [28], 
bamboo [12] and date palm [22]. In contrast, other studies have revealed an increase in the 
COF—for example, for oil palm [34] and betel nut [35]. This is because the frictional behaviour 
depends on multiple parameters, including operating parameters, treatment of fibres, fibre 
volume fraction, methods of composite production, and the bonding strength between the fibre 
and matrix. Herein, COF tended to decrease with the increase of fibre volume fraction. Besides 
a smoother surface in the cases of 20 and 25 𝑉𝑓.%, the reduction in the COF could be also 
attributed to the hardness of the fibre composites (Table. 1). A lower value of hardness resulted 




Fig. 4: Specific wear rate and COF for different volume fractions of flax fibre, at 30 N 
applied load. 
 
      Fig. 5 presents the SEM of flax/epoxy composites after the adhesive wear test. At a low 
fibre content, the worn surface seemed rougher than at a high fibre content, as shown in (Fig. 
5[a]). The lower wear performance of the coupons with 15 𝑉𝑓.% was mainly attributed to the 
nonhomogeneous surface of the developed composite, indicated by an unreinforced portion of 
the surface area. Moreover, the worn surface suffered from debonding and cracks concerning 
the fibre matrix interface. Matrix breakage was noticed, which was expected with an increasing 
portion of the unreinforced surface. However, the increase in fibre content resulted in a more 
homogenous and smooth surface, as shown in (Fig. 5[b & c]). The fibres were bent to the 
sliding direction, while still adhering to the matrix. At 25 𝑉𝑓.% of flax fibre (Fig. 5[c]), the 
surface showed no sign of matrix breakage and fibre pull-out. This explains the reduction in 
the wear rate associated with the increasing fibre content. A similar trend has been reported for 

































































(a) Flax/epoxy—15 𝑉𝑓.% of flax fibre 
 
(b) Flax/epoxy—20 𝑉𝑓.% of flax fibre
 
(c) Flax/epoxy—25 𝑉𝑓.% of flax fibre 
Fig. 5: SEM micrographs of flax/epoxy composites based on different 𝑉𝑓 of flax fibre after 
adhesive wear test by BOR, at 30 N applied loads. 
 
3.2.2. Incorporation effect of GNPs and flax fibre  
 
      The incorporation of both the GNPS and flax fibre aims to improve the adhesive wear 
performance as well as the mechanical characteristics of epoxy. The mechanical behaviours of 
























Fibre bundle boundary 
111 
 
in Section 3.1. In this section, the wear results highlighted the positive effect of this 
incorporation on the wear performance of epoxy. Fig. 6 displays the specific wear rate of epoxy 
and its composites at 30 N of applied load. The results reflect the positive effect of flax fibre 
and GNP fillers on the adhesive wear performance of epoxy. Flax fibre alone reduced the wear 
rate of epoxy by 35%. However, the addition of GNPs increased this percentage. Indeed, the 
incorporation demonstrated a good balance between the mechanical and tribological properties. 
For instance, the addition of 1.5 wt. % of GNPs reduced the specific wear rate by 55% and 
simultaneously increased the tensile strength and the toughness by 110% and 675%, 
respectively, compared with neat epoxy.  
 
Fig. 6: Average specific wear rate for flax/epoxy-GNP composites at 30 N applied load. 
 
 
     Fig. 7 presents the effect of applied load on the specific wear rate of epoxy and its 
composites. For all materials, the applied load of 15 N showed relatively higher wear rate 
values compared with 30 N. At a low applied load of 15 N, the heat generation was insufficient 
to soften the epoxy matrix, leading to cold fracture/ rupture on the worn surface of neat epoxy. 































with the neat epoxy. However, at 30 N, the interface temperature increased and softened the 
worn surfaces of epoxy and its composites, thus averting brittle crack initiation in the matrix. 
Consequently, the specific wear rate at 30 N exhibited lower values than at 15 N. However, 
when increasing the load above 30 N, the reverse effect would occur, as the specific wear rate 
transited from a mild to a severe state, as shown in Fig. 7.  
      
Fig. 7: Influence of applied load on the specific wear rate of epoxy and its composites.  
 
      Interface temperature has a crucial role in the wear mechanism of polymers since they 
have relatively low thermal conductivity and a low specific temperature such as glass transition 
temperature (Tg). Fig. 8 shows the influence of the applied loads on the interface temperature 
of epoxy and its composites under the wear test. The maximum recorded temperature was 
73.5°C, which corresponded with neat epoxy at 60N of the applied load. Tg of the epoxy in this 
study was 100 ℃ [37]. However, the addition of GNPs led to a decrease in the interface 
temperature. The reason behind this is related to the high thermal conductivity of GNPs, which 
could improve the thermal conductivity of the epoxy matrix and thus reduce the interface 
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polymers using GNPs, such as [16, 38, 39]. Besides that, GNP additions exhibited less COF, 
which means less heat generation at the contact zone, compared with neat epoxy. 
 
Fig. 8: Interface temperature of epoxy and its composites under different applied loads of 
BOR-wear test.  
 
       The wear mechanism of neat epoxy was studied by SEM micrographs as shown in Fig. 
9. The worn surfaces suffered from softening and deformations. At a low applied load of 15 N 
(Fig. 9[a]), crack initiation dominated the wear zone. The opposite occurred for 30 N, where 
the interface temperatures softened the worn surface and thus protected it from cold fracture. 
Increasing the applied load above 30N drove the wear from a mild to a severe state, and 
significant effects on the worn surface were observed. At 45 N, deformed and ploughing signs 
were noticed, and loose debris were stacked over the worn surface because of the significant 
frictional heat.  At 60 N, Fig. 9[d] displays evidence of fractures, decomposition and peel 
surface, which can be explained by exceeding the interface temperature for the HDT of epoxy, 
which is 65°C in this study. Since the interface temperature exceeded the HDT, there was 
increased roughness and contact surface area with the softening epoxy, leading to a higher 






























Fig. 9: SEM micrographs of neat epoxy after adhesive wear test under different applied loads. 
 
       Flax/epoxy composite showed good wear resistance in the mild wear region compared 
with neat epoxy; however, there was a drastic increase in the specific wear rate of flax/epoxy 
composite in the severe region. Fig. 10 displays SEM observations of the worn surfaces of 
flax/epoxy composite after the adhesive wear test and under different applied loads. At low 
applied loads of 15 and 30 N (Fig. 10[a & b]), the worn surfaces seemed homogenous, despite 
micro-cracks at the flax bundle boundaries, which corresponded with high wear resistance at 
these load. For higher loads (Fig. 10[c & d]), the worn surfaces suffered decomposition of the 
fibre/matrix interface, as well as signs of torn fibres and peel off. This implies the failure of the 
epoxy matrix at high thermo-mechanical loads. The matrix started to fragment and break under 
high shear stress associated with an interface temperature above the HDT of the epoxy matrix, 
which is 65°C in this study. Given that the interface temperature exceeded this, as shown in 
Fig. 9, the epoxy matrix bonds would be broken, leading to higher COF and loss of load-bearing 
capacity.  
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      It should be mentioned here that the softening temperature of flax fibre is around 127 
to 235°C for lignin and about 167 to 217°C for hemicellulose [39], which implies that the 
failure belongs to the epoxy matrix. In this context, the main advantage of using graphene as 
solid lubricant fillers to polymers, compared with others, such as molybdenum disulphide, is 
its potential to enhance polymers’ thermal conductivity. For instance, Wang, Drzal, Qin and 
Huang [16] have studied the effect of GNPs on epoxy’s thermal properties. The results showed 
that 3 wt.% of GNPs enhanced the thermal conductivity of epoxy by about 70%, which explains 
the effect of GNPs on the reduction of the interface temperature.  
 
 
Fig. 10: SEM micrographs of flax/epoxy composite after adhesive wear test at different 
applied loads. 
 
      Fig. 11 shows SEM of flax/epoxy-GNP composites at a mild region of wear, 30N of 
the applied load. Fig. 11[a] shows the worn surface of flax/epoxy-GNP-1.5 composite. The 
surface was very smooth with some signs of detachment, yet no apparent signs of a transfer 
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film. However, signs of the transfer film were noted in the case of 3 wt.% of GNPs, flax/epoxy-
GNPs-3 composite, as shown in (Fig. 11[b]). Flax fibre may restrict the movement of GNP 
particles. However, the efficiency of the created lubricant film was affected positively or 
negatively, depending on the generated heat at the rubbing zone, and thus the applied load. 
Overall, the incorporation between the flax fibre and GNPs showed comparable tribological 
results with high mechanical performance, compared with the neat epoxy. 
 
(a) Flax/epoxy-GNPs-1.5 composite 
 
(b) Flax/epoxy-GNPs-3 composite 
Fig. 11: SEM micrographs of epoxy-GNP composites and flax/epoxy-GNP composites after 
adhesive wear test by BOR at 30N of applied load. 
 
      Fig. 12 presents the COF curves of flax/epoxy-GNP composites for 6 km sliding 
distance at two different wear regions. Fig. 12[a] shows the COF curves at the mild wear region 
of 30 N of applied load. The steady-state value of flax/epoxy composite is about 0.53 ± 0.037, 























reduction could be attributed to the different surface roughness trends—while it increased for 
the neat epoxy, it decreased for the flax/epoxy composite. The effect of flax fibre alone on the 
COF of epoxy was discussed in Section 3.2.1. It seems that the addition of GNPs has a positive 
impact to reduce the COF of epoxy composites. For instance, 1.5 and 3 wt.% additions reduced 
the COF of epoxy by about 27% and 30%, respectively. This reduction could be attributed to 
the different surface roughness trends (not seen here); while it increased for the neat epoxy, it 
decreased for the flax/epoxy composites. 
      The reduction in COF by using GNPs is attributed to the lamellar structure of graphene, 
where the atoms are arranged in a hexagonal unit cell within each layer [42]. The layers are 
connected by weak Van der Waals bonds, which can be easily fragmented under adhesive shear 
force [43]. These broken layers act as a thin lubricant film in which there is an appropriate 
temperature condition that effectively reduces the COF. This phenomenon has been reported 
for different types of solid lubricant nanofillers, such as graphite [19, 22, 44] and molybdenum 
disulfide (MoS2) [45].  The COF curves of epoxy and its composites at the severe wear region 
are presented in Fig. 12[b].  
      An interesting finding was noted on the neat epoxy, where a sudden increase on the 
COF happened when the interface temperature exceeded epoxy’s HDT. The primary reason 
behind this noticeable change could be the failure of molecule bonding of epoxy resin under 
high thermo-mechanical stress during dynamic loads. However, the presence of flax fibre and 
GNPs exhibited a stable value of COF, which is attributed to their effect on reducing the 
interface temperature and their bearing ability at high loading pressure. Ultimately, the COF 






Fig. 12: Coefficient of friction vs. sliding distance of the flax/epoxy-GNP composites; (a): 
30N and (b): 60N. Where * indicates that the interface temperature is above the HDT of 
epoxy. 
4. Comparison with previous work 
 
      Limited studies [22, 46], however, were found in the literature regarding the 
incorporation effect between natural fibres with nanofillers in terms of the tribological 
properties of polymers. Table 3 summarises the recently published works concerning the 
tribological properties of polymeric composites reinforced by natural fibres and 
graphene/graphite nanofillers. The collected data reflect improvement in the wear performance 
and frictional behaviours of natural fibre polymeric composites by the inclusion of carbon-
based additives. Our study showed comparable results with published works. This was mainly 
attributed to the excellent mechanical, lubrication capability and thermal properties of GNPs. 
However, despite their positive impact on the wear resistance, the ceramic nanofillers Al2O3 
and SiC exhibited a marginal decrease in COF. The main reason is that ceramic nanofillers 
possess a hard nature which promotes the ploughing process on the counterface and thus 
increases the COF. 
     In this study, the controlled production process of the composite played another 
important role in determining good mechanical and tribological properties. The vacuum bag 








































































mentioning here that incorporating natural fibre and graphene can create an optimum 
equalisation between the mechanical, thermal and tribological properties of polymers. 
Table 3: Summary of published works on the incorporation effect of natural fibres and fillers 
on tribological behaviour of polymers. 
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Remarks: WS = specific wear rate, COF = coefficient of friction, BOR = block on ring, POD = pin on disc, TOC 
= type of contact, AL = applied load, SD = sliding distance, SV = sliding velocity, 𝑉𝑓.% = volume fraction and 




      In summary, this study focuses on the tribological and mechanical behaviours of flax 
fibre reinforced epoxy modified with GNPs. First, the effect of fibre volume fraction, 
specifically (0, 15, 20 and 25 𝑉𝑓.%), on the wear and frictional properties of epoxy was 
investigated. Second, the incorporation effect between the flax fibre and GNPs on the 
mechanical and tribological properties of epoxy was also determined. SEM was used to analyse 
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the fractured surfaces of tensile samples and the worn areas of the wear samples. The main 
findings are summarised here:  
1. Compared with existing findings of published studies, engineered flax fibre used in this 
study showed a high improvement in the mechanical properties of the epoxy and epoxy-
GNPs matrices. Overall, the mechanical properties of epoxy composites improved by 
as much as 116% in tensile strength, 675% in stiffness and 65% in toughness. 
2. The adhesive wear performance showed improvement with the increase of the fibre 
volume fraction. A 𝑉𝑓 of 15% left a large portion of the composite’s surface 
unreinforced, which led to increasing of the roughness and the coefficient of friction. 
25 𝑉𝑓.% reduced the surface roughness and exhibited a homogenous surface, resulting 
in good enhancement on the wear performance of the epoxy matrix.  
3. This study highlighted the effect of HDT on the wear performance of epoxy-based 
composites. Severe wear signs were noted on the worn surfaces in which the interface 
temperature exceeded the HDT of the neat epoxy and flax/epoxy composite. The 
presence of GNPs proved to be a good solution in order to overcome this problem. 
GNPs have a high thermal conductivity, which can improve the heat dissipation of the 
epoxy matrix during the rubbing process, in addition to its lubrication effect. 
4. From the SEM analysis, the modification on the vacuum bag setup with bridging block 
demonstrated a highly efficient air/volatile evacuation during the cure to achieve low 
porosity and thus high strength. The incorporation between the flax fibre and GNPs 
showed no pull-out signs, which explained considerable improvement in the tensile 
strength and stiffness of the materials. Transfer film was observed on the worn surfaces 
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Chapter 5: Finite Element Analysis and Experimental Validation 
of Polymer–Metal Contacts in Block on Ring Configuration 
 
      Wear is a complex mechanical process influencing the service life of tribo-components. 
The proposed materials for such applications have usually been experimentally studied using 
a wide range of tribo-machines. Besides taking a long time, the material loss and high cost, 
wear experiments do not offer estimating-quantitative data such as localized stress fields. 
Therefore, recently with the tremendous development of computer science, FE methods were 
implemented to simulate different types of wear, providing a further understanding of the wear 
process. Supporting the experiments, FEM offers the possibility of estimating quantitative data 
such as localised stress fields, which is almost impossible to measure in situ. In Manuscript 
Ⅲ, the dry adhesive wear process for polymer-to-metal contact pair was simulated by 
implementing Archard’s wear equation into a Fortran UMESHMOTION linked with Abaqus. 
This study focused on the BOR configuration which accurately mimics the wear process of a 
wide range of tribo-systems such as bearings, bushings and camshafts. Moreover, this 
configuration exhibits a high geometrical change due to material loss.  
Hence, this study investigated the effect of the geometrical change on the nature of the 
wear process. The wear profile was mapped defining the normal zone that was subjected to 
contact pressure and the critical zone that was subjected to approximately 10 times the contact 
pressure value. SEM observation was in good agreement, such that the critical zone showed 
more damage features than the normal area, for all materials and all different testing conditions.
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      The wear mechanism of polymers is complex and not well understood. Block-on-ring 
machines possess a configuration that can mimic the wear of many tribo-components such as 
bearings and bushings, in order to consider the geometrical change corresponding to progress 
in the wear process. In this study, the adhesive wear process for polymer-to-metal contact was 
simulated by implementing Archard’s wear equation into a FORTRAN-UMESHMOTION 
linked with Abaqus FE analysis software. The FE results show that the contact pressure 
pronouncedly decreases with the increase of wear depth. The wear profile is subjected to 
uneven pressure that increases with the rise of the wear depth. Accordingly, the wear profile 
was mapped to identify the critical zone where the stress concentration was the key point in 
this definition. SEM observation was in line with FE findings in that the critical zone showed 
more damage features than the rest of the contact area. The modelling supports an in depth 
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understanding of the experimental findings and shows the positive impact of the incorporation 
of natural fibre and graphene nanoplatelets on the wear performance of epoxy. 
________________________________________________________________
Keywords: Polymer-to-metal contact, Block-on-ring, Finite element, Simulation, Wear model.  
1. Introduction 
 
      Wear is an essential factor affecting the reliability of mechanical components and thus, 
its service life [1-3]. The wear phenomenon happens in different forms: sliding, erosive, 
fretting, abrasive and chemical. Among these mechanisms, sliding wear is considered the most 
common type and mechanically, the most complex [2, 4]. Often, experimental testing 
techniques like pin-on-drum, pin-on-disc (POD), linear tribo-machine and block-on-ring 
(BOR) are used to determine the wear performance of various materials before implementing 
them in real tribological applications. These experimental techniques possess specific 
configurations of contact, attempting to mimic the actual contact of tribosystems considering 
the main affecting parameters such as sliding velocity, applied pressure, etc. These parameters 
therefore are chosen so as to mimic the real applications of the tribo-components. The BOR 
machine tries to imitate the tangential circular contact experienced by a wide range of tribo-
components such as bearings, bushings, gears, camshafts, and so on [5]. Such experiments 
provide a qualitative study for the proposed materials for a specific application. However, the 
geometrical effect and localised stress fields for such configurations are indeterminate, 
experimentally. Therefore modelling of such wear experiments is essential to predict wear by 
estimating quantitative data such as localised stress which provides an in depth understanding 
of the wear process.   
      In order to describe the wear process, many governing equations have been written over 
the past few decades. In their comprehensive and in depth review on wear equations, Meng and 
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Ludema [6] stated that there are more than 300 wear modelling equations, which can be sorted 
into three different approaches. First, empirical equations, which are directly formed based on 
experimental data, were taken under varying wear conditions. Typically this approach shows 
precise results but it is valid to a very specific range of the test parameters. Second, equations 
can be implemented that depend on material failure mechanisms, in which the mechanical 
properties such as fracture toughness, material flow, fracture strain, etc., are involved. 
However, due to the long derivations and complexity of this kind of equation, no equations 
will be reproduced. Third, contact mechanics-based models exist which simplify the 
relationship between the working parameters, e.g.  Archard’s wear equation  [7], which is 
considered one of the most famous wear equations. Archard’s model takes into account the 
abrasive and adhesive wear mechanisms assuming that the wear volume (V) is directly 
proportional to the load (F) and the sliding distance (S) while inversely proportional to the yield 
stress or the hardness (H) of the softer surface. The proportionality constant of this relation is 






   ………………………………… (1)     
 
Many attempts have been made to modify this equation to meet the requirements of 
specific cases. For instance, Sarkar modified Archard’s model so that COF was involved and 
related to the worn volume [8]. One more such example is related to the wear of highly 
elastic/pseudo-elastic materials [9]. Archard’s wear equation gives a simple model for the wear 
mechanism and has the flexibility to comply with specific cases of the wear process and for 
variant material properties. 
     In recent decades, many researchers have used the finite element method (FEM) to 
simulate different types of wear [3, 10-13], to predict and enrich the understanding of such 
physical phenomena. A wear processor was developed by Hegadekatte [14] as a wear 
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simulation tool to simulate the deformable-to-deformable contact problem in 2D and 3D.  
Despite the good accuracy of the model when compared with experiments, the author indicated 
that the model can only be used for low applied loads until 400 mN. In fact, 800 mN showed a 
significant discrepancy with experiments. More recently, a limited number of studies was 
developed about sliding wear modelling, based on adaptive FEM. By using this tool, there is 
high control on the grid of the mesh, which provides more accurate results for the wear process 
[11, 15, 16]. 
      Simulating the wear process for different types of tribometers is essential as it gives the 
opportunity to validate the outcomes with the experiments. The POD tribometer, which appears 
most frequently in the literature, has been widely studied and modelled for different types of 
contacts, including both cases of metal-to-metal contact [10, 11] and polymer-to-metal contact 
[17]. Moreover, experimental findings were widely used as simulation-input data for variant 
tribological applications [3, 10, 11, 13].  Bortoleto, Rovani, Seriacopi, Profito, Zachariadis, 
Machado, Sinatora and Souza [10] simulated the unlubricated sliding wear of metal-to-metal 
contacts in the configuration of 3D POD. The model was developed using Abaqus linked with 
the UMESHMOTION subroutine, based on Archard’s model. The results showed high 
accuracy compared with experimental outcomes, and it was reported that the model has a high 
capability to predict the transition wear region. In another study, Martinez, Canales, Izquierdo, 
Jimenez and Martinez [13] simulated the dry sliding wear in a POD configuration for a 
polymer-to-metal contact pair, based on Archard’s model with the pin was the shape of a flat-
surface end. However, it was reported that wear is highly sensitive to the stress concentration 
region as well as to the higher values of COF.  
      Even though there is not much difference for the different types of contact in these 
simulation studies, the type of contact is of a high impact for polymer-to-metal contact pairs, 
as it is well known that polymers are more deformable compared with metals. Thus, in this 
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kind of material the geometrical change under the wear progress may have a major impact on 
the wear process. The literature reveals that POD studies have assumed that the contact area 
was constant with wear progress because of the flat-on-flat contact between the pin and disc. 
On the other hand, a BOR configuration more closely mimics the real contact of a wide range 
of tribo-components, as mentioned above.  The variable geometry along with the progressive 
wear process has a direct impact on the stress concentration on the worn surface and thus on 
the wear process. This forms a primary reason for the current study. Accordingly, the FE model 
for BOR was using Abaqus linked with the UMESHMOTION subroutine developed to 
simulate the adhesive wear of epoxy composites under variant applied loads. The developed 




      In this study, the mechanical and adhesive wear characteristics of neat epoxy and 
epoxy-based composites were experimentally obtained and these were then used as input data 
for the simulation. A 2D model for the BOR machine used in the experiment was developed 
by using Abaqus software. The adhesive wear mechanism was simulated by linking the 
UMESMOTION subroutine with the Abaqus constitutive model in association with the 
adaptive meshing constraint. The simulation results were verified with the experimental results. 
Further analysis for the experimental and the simulation results was analysed by an SEM 
observation of the worn surfaces. 
2.1 Material characteristics 
 
      Briefly, the main raw materials utilised to prepare the composites were epoxy, flax fibre 
and graphene nanoplatelets (GNPs). Epoxy resin (R246TX) with the corresponding curing 
hardener (H160) (4: 1) and a unidirectional of pretreated flax fabric (Lineo Pty. Ltd., Belgium) 
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with a thickness of 0.36 mm and areal density of 200 g/m2 were selected for the epoxy 
composites. GNPsGrade C particles with average surface areas of 300 𝑚2/𝑔 were purchased 
from Sigma-Aldrich Pty. Ltd., Sydney-Australia. Then epoxy-based composites reinforced by 
flax fibre and different weight fractions of GNPs were fabricated. The volume fraction of flax 
fibre was maintained at 25 Vf % while the GNP additions varied at 0, 1.5 and 3 wt. %.  The 
effects of the flax fibre and the different GNP additions on the mechanical properties of the 
epoxy were explored, as presented in Table 1. Tensile tests were conducted in conformity with 
ASTM D638-99 for the epoxy and epoxy/graphene composites, and with ASTM D3039 for the 
flax/epoxy-GNP composites [18]. A hardness tester, with a durometer Type D, was used to 
measure the shore D hardness of the neat epoxy and epoxy composites, in conformity with 
ASTM D2240. 
Table 1: Effects of GNP addition on the mechanical properties of epoxy, epoxy/graphene, 
flax/epoxy and flax/epoxy-GNP composite materials. 








Neat epoxy 61.5 ± 3.3 1.16 ± 0.04 7.9 ± 1.5 79.0 ± 0.82 
Epoxy-Gr-1.5 47∓3.6 1.26∓0.02 4.6∓0.33 82.3∓0.85 
Epoxy-Gr-3 47∓2.7 1.32∓0.02 4.4∓0.42 83.3∓0.62 
Flax/epoxy 132.0 ± 4.5 7.8 ± 0.6 2.13 ± 0.15 81.7 ± 1.25 
Flax/epoxy-GNPs-1.5 130.0 ± 20.5 9.0 ± 0.2 1.62 ± 0.37 83.3 ± 0.24 
Flax/epoxy-GNPs-3 108 ± 18.7 7.9 ± 0.4 2.3 ± 0.37 85.0 ± 0.41 
 
      The dry adhesive wear test of epoxy and its composites was conducted using a BOR 
tribometer, following the ASTM G 77 standard [19]. Epoxy composites were slid against an 
AISI 304 stainless steel counterface with a hardness of 150HB (Fig. 1[a]), with blocks made 
from epoxy and its composites (Fig. 1[b]). The BOR run in the configuration is shown in Fig. 
1[c]. The mechanical properties of the steel counterface are: a density of 8 g/cc, stiffness of 
200 GPa, yield strength of 620 MPa and Poisson’s ratio of 0.275. 
       The adhesive wear tests were carried out for 6 km of sliding distance and under different 
pressure velocity (PV) values. The sliding speed was fixed at 2 m/s for all tests while the 
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applied load ranged from 15N to 60N. These values were selected to match with the real 
situation of bearing applications in mild and severe wear regions where PV fluctuates between 
0.33 and 3.9 MPa.m/s [20, 21]. The tests were carried out at room temperature (~ 22 ℃ ). A 
Mettler Toledo load cell monitor with an accuracy of 0.0098 N was used to obtain the COF. 
The mass loss was obtained using a mass scale with an accuracy of 1× 10−5g. Fig. 2 shows 
the geometry of the wear sample with the worn volume obtained by two approaches: the first 
was based on the mass loss, and the second was based on measuring the maximum wear depth 
of the wear profile using a surface roughness tester as shown in Fig 2[b]. The maximum wear 
depth was substituted in the following equation to find the worn volume: 
V(R, W, h) = W (𝑅2  𝑐𝑜𝑠−1 (
𝑅−ℎ
𝑅
) −  (𝑅 − ℎ) √2𝑅ℎ −  ℎ2) ………… (1)       
where V is the volume of the material loss (𝑚𝑚3), W is the length of the wear scar, R is the 
radius of the ring (mm), and h is the wear depth (mm). R and W are constant. The wear 




 (𝑚𝑚3/N.mm) …………………………………      (2) 






Fig. 1: Schematic drawings of (a) The AISI 304 stainless steel ring, (b) The adehesive wear 
sample of epoxy composites, and (c) The BOR test configuration. 
 
                                         
Fig. 2: (a): 3D schematic illustration of the worn volume and (b): The wear profile of the 











      Table 2 shows the adhesive wear characteristics of the epoxy and its composites 
including K and COF, and average values along 6 km of sliding distance. Four different cases 
were investigated based on the different applied loads for the neat epoxy, and five different 
cases for the epoxy composites at a mild wear region in which the applied load was 30N. Also, 
the corresponding contact pressure of each applied load is provided, as adapted from the 
simulation results at the steady-state region. 
Table 2: Nine cases varying regarding the composite material and the applied load. 





(MPa) at steady 
state 
1 Neat epoxy 0.62 ± 0.05 1.57 ± 0.19 15 0.4 
2 Neat epoxy 0.56 ± 0.05 1.04 ± 0.13 30 0.47 
3 Neat epoxy 0.55 ± 0.04 1.41 ± 0.16 45 0.53 
4 Neat epoxy 0.51 ± 0.04 1.81 ± 0.20 60 0.63 
5 Epoxy-GNPs-1.5 0.41 ± 0.03 0.46 ± 0.05 30 0.66 
6 Epoxy-GNPs-3 0.39 ± 0.03 0.32 ± 0.04 30 0.68 
7 Flax/Epoxy 0.53 ± 0.04 0.66 ± 0.08 30 0.50 
8 Flax/Epoxy-GNPs-1.5 0.44 ± 0.03 0.48 ± 0.07 30 0.57 
9 Flax/Epoxy-GNPs-3 0.41 ± 0.03 0.42 ± 0.06 30 0.59 
                        
       The worn surfaces of the wear samples were examined by using a Benchtop SEM- 
MODEL JCM-6000. The acceleration voltage was maintained at 5 kV. A thin coating layer of 
gold was applied on the surfaces to make them conductive by using JEOL-Smart Coater. 
2.2  Numerical model 
 
FEM was used to simulate the adhesive wear of the polymer to metal contact in the 
BOR configuration. The aim of this modelling was to predict adhesive wear and to understand 
the effect of the geometrical change of such a configuration on the wear nature.  In this model, 
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Archard’s equation  (Eq. 3) [7, 22] was used as the base equation to estimate the wear volume 
(wear depth). It is worthwhile mentioning here that the Archard equation has the capability of 







   …………………………………      (3) 
 
where V is the worn volume, k is the wear coefficient, S is the sliding distance, F is the normal 
load and H is the material’s hardness. In order to localise the equation, both sides were divided 
by the contact area A, so the following equation is deduced: 
h = k. S. P. ΔN ……………………………….   (4) 
where h is the wear depth, k is the wear coefficient including the hardness effect (k/H), P is the 
normal stress and ΔN is the update interval cycle used to accelerate the modelling. 
      A 2D model was developed to simulate the adhesive wear process at the contact zone 
between the block (specimen) and ring (counterface). Sliding contact was modelled using the 
adaptive meshing constraint in Abaqus Standard. The contact line located between the block 
(sample) and the ring (stainless steel) renders the problem ideal for 2D modelling, as shown in 
Fig. 3. The mesh element was a 4 node bilinear plane stress quadrilateral (CPS4) for both 
bodies. The element’s size was reduced several times in order to obtain a converged solution. 
Based on this, the element’s size was defined to 0.1 mm at the contact surfaces (Fig. 3). In this 
model, the centre of the ring was fixed to have no displacement and the normal force was 
applied to the bottom surface of the block (see Fig. 3). To model the adhesive wear process, a 
FORTRAN-UMESHMOTION subroutine was linked with Abaqus in association with the 
adaptive mesh constraint. The subroutine’s code can control the node position at the contacting 
surface. [11, 16]. The flowchart of the wear model is presented in Fig. 4 showing the interaction 
between Abaqus and the UMESHMOTION subroutine.  Due to the change in the node position, 
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the contact profile was continuously changing and thus the relative displacement, as well as 
the magnitude of the contact pressure were changed for each contact node. Accordingly, the 
new values were reported to the UMESHMOTION code and then updated for the next 
increment [10, 11, 23]. It should be mentioned here that the node wears only once it is subjected 
to contact pressure, i.e., when the node shifts to the contact interface. Adaptive mesh tools 
improve the simulation process, as they take into account the effect of the geometrical change 
and wear profile on the wear process [11, 24]. The volumetric wear rate was calculated by 
applying h = ℎ𝑚𝑎𝑥 in Eq. 1 where ℎ𝑚𝑎𝑥 is the maximum wear depth of the wear profile, (see 
Fig.2). 
      To apply the Archard’s equation to this contact line between the block and ring, first, 
k, was determined through the experiments for all composites at specific conditions, as shown 
in Table 2. Similarly, COF was based on the experimental results. As indicated by the 
experiments, FE modelling showed that the COF reaches its stable values after 80 out of the 
4100 sliding cycles for the entire test. Therefore, the average values of the COF were taken in 
the steady-state region for each composite as represented by at least three samples. Regarding 
the ring (AISI 304 stainless steel counterface), the mechanical properties are a density of 8 
g/cc, stiffness of 200 GPa,  yield strength of 620 MPa and Poisson’s ratio of 0.275, as obtained 
from [23].   
      To simplify the wear simulation, wear was only implemented in the polymer (block) 
samples, as it is the softer material. In order to minimise the computational time of the 
simulation process, it was assumed that the wear remained constant over a specific number of 
cycles, defined here as the update interval cycle (ΔN), as shown in Eq. 4.  It is worth noting 
that too large a value of ΔN caused erratic results, however, on the other hand, too small a value 
took too much computational time. Therefore, to adopt an appropriate ΔN value, many attempts 
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were made for each case separately.  The ΔN factor was optimised in such a way that the total 
wear volume of the simulation was matched with experimental findings.  
      In a BOR configuration, the highest contact pressure is at the beginning, thus, this is 
accompanied by a rapid increase of change in the maximum wear depth. This behaviour was 
experimentally reported and defined as the running-in stage [26, 27]. With the increase of 
sliding distance, the contact area becomes larger compared with the beginning state, and thus 
the wear process achieves a steady state. Based on this behaviour, firstly, a small value of ΔN 
(100) was assigned for the running-in stage in order to simulate the rapid change in the wear 
depth. Secondly, the interval step increased to 1000 for the steady-state region. The results that 
were validated by experiments were verified by FE modelling in that the chosen values of the 
ΔN factor were accurate enough. 
 
 
   





 Fig. 4: Flowchart for the similation of adhesive wear using UMESHMOTION subroutine. 
 
3. Results and discussion 
 
3.1. Model validation  
      This section describes the ability of the developed model implemented by the 
UMESHMOTOIN subroutine on the simulated adhesive wear mechanism of polymer to metal 
contact. The model was designed to be quite similar to the vitro of BOR tribometer. Therefore, 
the objective of this step is to study the developed model’s capability to predict the wear process 
under specific conditions. Fig. 5 shows the comparison of the simulation and experimental 
results. In all different conditions, a good correlation was noted between these results. Fig. 5[a] 
and [b] represent the simulation and experimental results of the wear volume versus sliding 
distance for neat epoxy at a mild applied load of 30N and a high load of 60N, respectively. Fig 
5[c] shows the experimental and simulation results of the wear volume under different applied 
loads. Excellent correlation was noted at a lower sliding distance and at lower applied loads. 
Generally, there is an increase in the error with more sliding distance and applied load. 
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      The effect of frictional heat generation on the wear calculation was not considered in 
the wear model. Accordingly, any changes in the material properties such as strength, stiffness 
and hardness [28] due to a rise in heat were not taken into account. Moreover, COF may be 
responsible for a portion of the error. COF was taken as an average value in spite of the 
fluctuation of ±5% noted through the experimental testing. Other factors such as the transfer 
film effect, wear debris and surface roughness were also not taken into consideration, which 
increases the challenges of simulating the wear phenomenon. 
       Overall, the error percentages of the simulation results did not exceed ±15 %, which is 
reasonable, especially when compared with the error range in experiments of this kind [2, 15]. 
The maximum wear depth was estimated experimentally by using the surface roughness tester 
(see Fig 2[b]) and these results were compared with the simulation results as shown in Fig. 5[d] 
for the neat epoxy at 30N and 60N of applied loads. Clearly, the maximum wear depth of the 
simulated wear profile is located in the range of the experimental investigations, as shown in 




Fig. 5: Comparison between numerical and experimental investigations: (a) & (b) wear 
volume versus sliding distance at 30N and 60N, respectively; (c) wear volume at different 
applied loads, and (d) the simulated wear profiles and maximum wear depths obtained from 
experiments at applied loads of 30N and 60N. 
Table 3: Simulated and experimental values of the ℎ𝑚𝑎𝑥 for all studied cases. 
Case Type of materials Applied 
load (N) 
𝒉𝒎𝒂𝒙 (μm) from 
the simulation 
𝒉𝒎𝒂𝒙 (μm) from 
the experiments 
1 Neat epoxy 15 28.93 25±5 
2 Neat epoxy 30 29.66 30±5 
3 Neat epoxy 45 46.15 45±10 
4 Neat epoxy 60 70.85 75±15 
5 Epoxy-GNPs-1.5 30 16.69 15±5 
6 Epoxy-GNPs-3 30 15.41 15±5 
7 Flax/Epoxy 30 27.64 30±5 
8 Flax/Epoxy-GNPs-1.5 30 23.03 25±5 
































































































































3.2. Geometrical effect 
      One of the main study objectives of the wear simulation in the BOR configuration was 
to explore the effect of geometrical changes on the wear process and the nature of the contact 
itself. Therefore, the effect of the progressive change in the wear sample’s geometry was 
analysed. All simulations were run similarly to the experiments for 6 km of sliding distance, in 
an attempt to predict the wear volume. The PV factor was varied, relying on different load 
levels—specifically, 15, 30, 45 and 60 N, and a constant speed value of 2 m/s was assumed. 
Different applied loads correspond with contact pressures ranging from 0.35 to 0.53 MPa at 
the steady-state region. These are in the range of the recommended values for bearing 
applications [20, 21]. 
      In a configuration system like a BOR tribometer, the progressive change to the 
geometry is supposed to have a high effect on the resulting wear process because of the 
concomitant stress concentrations of the geometrical changes. Fig. 6[a] shows the contact area 
plotted against the sliding distance under different applied loads for the neat epoxy. Obviously, 
there is an increase in the contact area with increased sliding distance due to the material 
removal process. Since the contact area increases with sliding distance, the applied load will 
be distributed over an increasingly large contact area, thus resulting in a reduction in contact 
pressure, as shown in Fig 6[b].  
      Fig. 7 represents the contact area, contact pressure, and sliding distance at 30N of 
applied load for the neat epoxy sample. It can be seen that there is a rapid change in the contact 
pressure and contact area with the first 1000 m of sliding distance. This, rapid change is 
attributed to the ratio of (load/contact area) being very high at the beginning of the wear 
process, i.e., the running in stage [26, 27]. For instance, at 30N (Fig. 7), the contact pressure 
recorded a 63% reduction while the contact area increased by 288% after 1000 m of sliding 
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distance. After that, it seems that the wear reaches a relatively steady state, indicated by the 
slow increase and decrease in the contact area and contact pressure, respectively. 
 
 
Fig. 6: Showing the effect of various applied loads for neat epoxy on: a) Change of contact 
area and b) Change of contact pressure, for 6km of sliding distance. 
 
Fig. 7: Change of contact pressure (solid line) and contact area (dashed line) during the 
progressive wear process of neat epoxy at 30N of applied load. 
           Stress concentration is a crucial parameter that affects the wear mechanism of materials. 
Concentrated stress promotes crack propagation and the failure mechanism on the worn surface 
of a sample. In the currently studied configuration, even though the normal pressure decreases 
with an increase of the sliding distance and consequently the increase of ℎ𝑚𝑎𝑥 as shown in Fig. 
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that there is a significant increase in the stress values with the increase of ℎ𝑚𝑎𝑥 as shown in 
Fig. 8. Fig. 8[a] displays the contours of Von Mises stress and shear stress after a sliding 
distance of 3 km and 6 km. On the left, the counters were captured after 3 km (half the sliding 
distance) while on the right, the counters were taken after 6 km of sliding distance. Clearly, the 
increase in the wear depth led to increased stress concentration at both edges of the wear profile. 
The more interesting point is the effect of the direction of the sliding. It can be seen that the 
stress concentration is highly concentrated on the right-hand edge where the sliding started, 
heading forward to the left-hand edge, as described through the arrows. This difference stems 
from the high friction and contact at the starting edge. Interestingly, these results are in 
harmony with the SEM observation, as discussed in Section 3.3. Experimentally, the 
explanation of this observation is attributed to the high interlock between the asperities [5, 26, 
29] of the wear samples and the steel ring at this edge. 
Fig. 8[b] essentially shows similar results to Fig. 8[a] in terms of the Von Mises stress 
counters, for initial, middle and final contact. It is worth noting here that the graphs were plotted 
representing the surface nodes on the block (wear sample), in the contact region. At the middle 
region where the ℎ𝑚𝑎𝑥 exist, the contact pressure is decreased with the increase of sliding 
distance, which is consistent with the general analysis of geometrical change of the wear 
sample, see Fig. 7. 
On the other hand, at the edges of the wear profile, extremity in the stress values was 
observed. This was due to the change of the wear profile. Similar researches [30-32] showed 
that the predicted peak contact pressure shifts to the contact edge due to the geometrical effect. 
Yue and Abdel Wahab [32] studied the effect of debris layer on fretting wear where the 
geometry of the contact is similar to the current study. It was found that the peak values of 
stress are concentrated at both of the edges with the same values. The reason behind the equality 
of stress concentration at both edges is related to the oscillating motion of the fritting process. 
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On the other hand, in the current study, the stress concentration is different at both edges. 
Typically, on both sides and due to their similarity, the increased stress value could be 
attributed to the change in the sample’s geometry. However, a greater increase was observed 
in the stress values at the starting edge, compared with end edge. For instance, for 6 km of 
sliding distance, compared with the middle region, the stress was higher by about 940% and 
350% for the starting edge and the end edge, respectively. When comparing the contact 
pressure and the stress concentration at both edges of the wear profile, stress counters at all 
applied loads showed a similar pattern. This finding highlights the effect of stress concentration 
which needs to be paid attention when analysing the wear mechanism. This complies with the 
basic principle of design which always seeks to find the most effective parameters. 
Fig. 9 shows the effect of various applied load on the mechanical stress and the ℎ𝑚𝑎𝑥 
after 6 km of sliding distance at the node that corresponds with ℎ𝑚𝑎𝑥  for the neat epoxy. It can 
be seen that the applied load increase led to higher mechanical stress values. The stress 
concentration values increased significantly after30N of the applied load. The wear transitioned 
from mild to severe when the initial load was duplicated at 60N. Notable too is that the contact 
pressure increased by only 20% at the steady-state region. This is an obvious clue that the 
contact pressure has a low influence on the wear mechanism compared with the stress 
concentration effect. The increase in the wear depth led to intense values of mechanical stress, 
i.e, the high-stress concentration at the edges of the wear profile (as shown in Fig. 8). Moreover, 
the increase in the wear depth means that the contact area of mating surfaces increased, thus 





Fig. 8: (a) Stress counters after 3 km and 6 km of sliding distances; (b) Von Mises (𝜎𝑦𝑦) 
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Fig. 9: Influence of applied load and the maximum wear depth on the mechanical stress 
including Von-Mises stress and shear stress at the node of the maximum wear depth. 
3.3. SEM analysis of the worn surfaces 
      Based on the simulation results, two areas were chosen on the worn surfaces of the wear 
sample as the stress analysis showed. Herein, the first area, the largest area of the wear profile, 
is known as the normal zone and is under normal contact pressure. The second area, known as 
the critical zone, is where the stress concentration is high. Accordingly, SEM micrographs were 
undertaken for those zones for epoxy and its composites.  
        Fig.10 shows the SEM micrographs of the neat epoxy under different applied loads 
after 6 km of sliding distance. Clearly, there is an observable difference between the normal 
and the critical zones.  At the normal zone, a distinct difference happened after 30N of applied 
load, when the wear transited from the mild region to the severe region.  In the mild region, it 
can be noted that the worn surfaces were exposed only to microcrack failure. However, severe 
wear signs were noted on the worn surfaces in the severe wear region in which the applied 
loads ranged between 45N and 60N. Clear signs of decomposition fracture, as well as peel off 
were observed on the critical wear zone. It should be remembered here that the critical zone is 




























































observations can explain the experimental findings presented in Fig.11. At 30N of applied load, 
the wear rate corresponded with the lowest value, even when it was compared to an applied 
load of 15N. A brief explanation of this behaviour follows. First, compared with 15N, 30N 
seems to provide suitable heat that can form a viscoelastic layer and thus protect the worn 
surface [33]. This thin layer helps to avoid the initiation of brittle cracking in the matrix under 
the fatigue loads as was noticed in the case of 15N. However, for applied loads higher than 
30N, there is much increase in the thermal-mechanical stresses which results in further material 
removal and severe wear signs, in accordance with earlier studies [34, 35].
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Fig. 10: SEM micrographs at normal and critical zones of the worn surfaces of the neat epoxy, at different applied loads. 
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Fig. 11: Effect of applied load on the specific wear rate of neat epoxy. 
      Many attempts have been reported in the literature to improve the wear performance of 
polymers. These involved the inclusion of solid lubricants such as graphene and graphite [36, 
37], natural fibres [21, 38] and more recently the incorporation of both  [34]. This section 
presents a comparison between all mentioned cases, showing here the effect of GNPs, flax fibre 
and the incorporation of both on the wear performance of epoxy. Fig.12 represents a 
comparison between the neat epoxy, flax/epoxy composite and flax/epoxy-GNP-1.5 
composite. The comparison was taken in the mild wear region, i.e., at 30N of the applied load. 
The figure shows quite difference between the morphology at the normal and critical zones, 
for all cases.  At the normal zone, the worn surfaces are less damaged than those in the critical 
zone. SEM micrograph results at both areas are highly consistent with the experimental 
findings as presented in Fig. 13. The addition of GNP alone (Epoxy-GNPs-1.5) presented the 
lowest wear rate among all other materials, followed by the hybrid composite, i.e., flax/epoxy-
GNPs-1.5 composite. A similar investigation was reported on the date palm fibre reinforced 
































      Returning to the SEM micrographs, it can be seen that adding GNPs alone (epoxy-
GNPs-1.5) provides a stable transfer film, acting as a protecting layer on the worn surface and 
thus producing less damage. Flax fibre alone also improved the wear resistance of epoxy, but 
to a lesser extent. However, torn fibres in the flax/epoxy composite were noticed at the critical 
area, which could be attributed to the high shear stresses that happened in this region. Shear 
stress plays a role in the decomposition force acting between the fibre and the matrix [26, 34].  
Moreover, for this sample, no transfer film was observed when examined with SEM. Therefore, 
the worn surface was kept under high mechanical stress without a protection layer, i.e, without 
a transfer film. 
      In the flax/epoxy-GNPs-1.5 composite, the wear resistance significantly improved 
compared with the neat epoxy and the flax/epoxy composite. Moreover, GNPs reduced the 
COF, which also reduced the thermal stress induced under frictional heat generation (see Table 
2). However, the transfer film was more stable and clear in the case of the GNPs composite 
compared with the flax/epoxy-GNPs-1.5. This could be attributed to the fact that the presence 
of flax fibre reduces GNPs’ lubrication efficiency. A similar trend was reported by [34]. All 
these justifications can explain the experimental findings presented in Fig. 13. However, as by 
Table1 shows, the flax fibre significantly improved the tensile strength and stiffness of the 
epoxy and epoxy-GNPs composites by as much as 132% and 572%, respectively. Ultimately, 
the main reason behind the incorporation of both the flax fibre and GNPs is to improve the 
epoxy composite’s tribological properties and produce excellent mechanical properties aiming 




Fig. 12: SEM micrographs at normal and critical zones of the worn surfaces for the neat epoxy and its composites at 30N of applied load. 





























Fig. 13: Effect of GNPs and flax fibre on the specific wear rate of epoxy, at 30N of applied 
load. 
 
4. Conclusion  
      In this study, the wear model displayed high reliability to predict the wear volume at 
mild and severe regions, showing the transition point between both regions. Generally, it was 
understood that the contact pressure decreases with the increase of the wear depth due to the 
increase in the contact area of the worn surface. However, and for all the studied cases, the 
critical wear zone appeared which represents the main interesting finding in this study. This 
critical zone shows a high-stress concentration reaching up to 10 times of the contact pressure 
value at the steady-state stage. The stress concentration proportionally increases with the 
increase of the wear depth. Based on this, the wear profile was divided into two specific areas: 
first, the normal area, which represents the majority of the worn surface subjected to the contact 
pressure; second, the critical area in which the stresses are highly concentrated. SEM technique 
































the critical zone suffered from high damage compared with the normal zone. Therefore, this 
study has defined the critical zone which has to be investigated in accordance with the basic 
concept of the design. GPNs improved the epoxy’s wear performance due to its ability to create 
a more stable transfer film, protecting the worn surface from further damage. Flax fibre also 
has a positive impact on the wear resistance of the epoxy. However, it was noticed that the fibre 
was torn in the critical zone due to the concentration of the shear stress. On the other hand, the 
incorporation of GNPs and flax fibre into the epoxy composite exhibited good tribological 
behaviours with high mechanical properties, supporting a strong load-bearing capacity for 
tribological applications. 
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Chapter 6: Conclusions and Recommendations 
 
6.1. Conclusions  
The current study explored the incorporation effect of engineered flax fibre and GNPs 
on the mechanical and tribological properties of epoxy-based composites. Furthermore, it 
presented a further understanding of the adhesive wear process in a BOR configuration through 
the FE method. The study was conducted through five phases: 
1. Investigating the effect of the GNP content, i.e., the wt. %, on the mechanical and 
tribological properties of the epoxy-based matrix, searching for the optimal content of 
GNPs;  
2. Studying the correlation between mechanical and tribological properties; 
3. Investigating the effect of the fibre 𝑉𝑓% of flax fibre on the tribological properties of 
epoxy, searching for the optimal 𝑉𝑓; 
4. Investigating the effect of incorporating GNPs and flax fibre on the tribological and 
mechanical properties of the epoxy-based matrix;  
5. Developing a 2D model for the BOR configuration system to simulate the adhesive 
wear of developed composites by FE programme Abaqus and validating the developed 
model using experimental results. 
Based on the results, the following main findings were made:    
 The applied load had a significant effect on the wear rate as well as the COF. A fatigue 
wear mechanism was predominant at a higher applied load. The COF was reduced with 
the increase of the applied load. Severe wear signs occurred when the interface 
temperature reached the HDT of the neat epoxy, accompanied by a drastically 
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increasing rate of COF––indicating the importance of this specific temperature for the 
tribological properties. 
 Adhesive wear performance exhibited high efficiency with GNPs’ addition and 
showed significant reductions in the specific wear rate, COF and interface temperature. 
The addition of GNPs to the epoxy improved its stiffness and hardness but reduced its 
fracture strength and its failure strain. 
 The tribological and mechanical properties showed no relation in terms of COF. On 
the other hand, the specific wear rate showed a noticeable correlation with stiffness 
and failure strain, however, this correlation was affected by the applied load. 
 The increase in 𝑉𝑓 of flax fibre exhibited a positive impact on the wear resistance of 
epoxy. Concerning the COF, while the low 𝑉𝑓 exhibited a pronounced increase, the 
higher 𝑉𝑓 showed a slightly lower COF to that of the lower volume fraction. 
 Strengthening epoxy and epoxy-GNP matrices with the flax fibre led to high 
mechanical properties compared with the base matrices; the highest improvement was 
recorded for the flax/epoxy-GNPs-1.5 composite, with a 177% increase in tensile 
strength and a 614 % enhancement of the stiffness. 
 Incorporating GNPs and flax fibre showed a positive impact on epoxy’s tribological 
properties. GNPs led to reducing the COF and the interface temperature, which was 
reflected in less decomposition between the flax fibre and epoxy matrix. Moreover, it 
provided a stable friction behaviour even at a high rate of applied load. In addition, 
mechanically, flax/epoxy-GNPs composites exhibited greater mechanical properties 
compared with epoxy-GNPs composites. For instance, 3 wt. % of GNPs alone reduced 
the specific wear rate and COF by 70% and 32%, respectively. On the other hand, 
mechanically, the stiffness increased by 13%, while the tensile strength decreased by 
23% from 61.5 ± 3.3 MPa for the neat epoxy to 47.0 ± 2.7 MPa. When flax fibre and 
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GNPs were incorporated together, flax/epoxy-GNPs-3, the wear rate and COF reduced 
by 60% and 28%, respectively. In this case, both the tensile strength and stiffness 
pronouncedly improved, by 130% and 500%, respectively, compared with the epoxy-
GNPs-3 composite. 
 SEM investigation was used to the fracture surfaces of tensile samples and the worn 
surfaces of wear samples. Concerning fracture surfaces of tensile samples, the neat 
epoxy exhibited a cleavage failure associated with high shear resistance as indicated by 
stretching marks. GNPs addition induced more brittle behaviours at the fracture 
surfaces which indicated by squamous-like pattern indicates a high degree of brittle 
behaviour for the matrix composite. Similarly, flax/epoxy composite exhibited 
stretching signs indicated during the tensioning process whilst GNPs additions 
exhibited brittle fracture surfaces. Regarding the SEM of the worn surfaces, neat epoxy 
was suffered from softening and deformation at a low applied load. However, at high 
applied load, the worn surfaces were considerably rougher due to the severe wear signs. 
Almost, a similar observation was noticed in the case of flax/epoxy composites. On the 
other hand, all GNPs additions exhibited a notably stable transfer film that covered the 
worn surfaces. 
 The FE model exhibited a high capability to simulate the wear process under different 
of applied loads. The simulation results showed high agreement with experimental tests 
where the maximum percentage error recorded was less than ± 15%. This percentage is 
considered acceptable, especially when compared with experimental variation of the 
adhesive wear test that can reach up 30%. 
 The main finding is about how the stress distribution over the wear profile. Mainly two 
areas were analysed: first, the normal area represents the largest area of the wear profile 
and is affected by the contact pressure; second, the critical area, which was located 
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under the highest stress concentration, was identified. Generally, after 6km of sliding 
distance, it was observed that the stress concentration reached up to 10 times the value 
of the contact pressure. This finding highlights the effect of the geometrical change of 
BOR configuration on the wear process. 
 Based on simulation results, SEM micrographs were taken at the normal and critical 
zones for different cases. The worn surface at the critical zone was exposed to 
considerable damage compared with the normal area, for all cases. This points to the 
stress concentration’s effect on the wear mechanism, an effect which could not be 
defined through the experimental tests. This analysis provides more supportive 
evidence for the experimental findings and coherently presents a further argument 
explaining the positive effect of flax fibre and GNPs on the wear behaviours of epoxy, 
at both the normal and critical zones.     
6.2. Recommendations for future research 
This thesis has been undertaken to study the incorporation effect of nano-additives with 
natural fibre on the mechanical and tribological properties of epoxy-based composites. 
However and in reality, the tribological study of natural fibre polymeric composites is still at 
an early stage and needs further work as the natural fibre has not been used much in industrial 
applications. Below is a list of research areas that need more attention in order to implement 
natural fibre polymeric composites in tribological applications: 
 Mechanically, while the incorporation effect between the flax fibre and GNPs on 
polymeric composites’ mechanical strength exhibited a pronounced improvement 
compared with epoxy-GNP matrices, investigation of the effect of incorporating GNPs 
on such a the interfacial strength between the flax fibre and epoxy matrix is important 
to support further analysis for the mechanical and tribological results. 
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 In many tribological applications, many tribo-components are subjected to dynamic 
loads; therefore, it is worth investigating the mechanical properties of the developed 
composites under such loads to explore fatigue behaviour and dynamic impact. 
 Experimentally, the effect of GNPs on thermal properties was indicated through the 
value of the interface temperature, which was lower in cases with GNP additions, 
compared with the neat epoxy matrix. It is important to study the influence of GNPs on 
epoxy’s thermal conductivity, which may provide more explanations for tribological 
investigations. Similarly, the effect of flax fibre on epoxy’s thermal properties is worth 
investigating.  
 In tribological applications, the weather has an important effect; therefore, the effect of 
the humidity percentage on the tribological performance of natural fibre polymeric 
composites should be studied. In a similar way, the effect of wet contact conditions is 
an important study area. 
 Investigations on the above points can also help to implement FE modelling, 
considering the effects of fibre/epoxy matrix bonding, thermal properties, dynamic 
loading effect and the environment of contact conditions. 
 The tribological tests showed the importance of polymers’ heat distortion temperature 
(HDT) on the wear and frictional properties. It has been noted that there is a drastic 
deterioration in the wear performance accompanied by a drastic increase in the COF 
once the interface temperature exceeds the HDT. However, more study is needed to 
confirm this effect. 
 Finally, the new trends for nanocomposites are to create a chemical bonding between 
the filler and the matrix by using functionalized additives. Promising results have been 
achieved in terms of mechanical and thermal properties. However, a limited number of 
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tribological studies based on these additives have been conducted so far.  This could be 
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Appendix A: Material characteristics 
 
A1.1. Overview 
     This appendix provides the material characteristics of the epoxy, GNPs and flax fire. In 
addition, SEM-micrographs for GNPs and flax fibre are presented. 
 
A1.2. Material characteristics 
 
Table A. 1: Uncured and cure properties of the epoxy resin and its corresponding H160-
hardener. 
 Characteristics R246TX- Resin H160-hardener 







 Pot Life -100g @ 25ºC 120 minutes  
Thin laminate open time* @ 
25ºC 
8 hrs + 45 minutes 
Demold time @ 25ºC 28 hrs 
Mix viscosity mPas @ 25ºC 300 
Shore D Hardness -1 day 
- 2 weeks 
59 
HDT after 24 hours @ 25ºC 38 ℃ 



















































Table A. 2: Physical and mechanical properties of graphene nanoplatelets (Pty-Ltd. 2008, 
SDVOSB. 2016) 
Properties Parallel To Surface 
 
Perpendicular To Surface 
 
Density (g/𝒄𝟑) 2.2 2.2 
Surface area (𝒎𝟐/𝒈) 300 300 
LOI–Loss on Ignition (wt%) 
 
≥99.0 ≥99.0 
Thermal Conductivity (W/m.K) 3,000 6 
Thermal Expansion (m/m/K) 
 
4 - 6 * 10-6 0.5 – 1.0 * 10-6 
Electrical Conductivity (S/m) 
 
107 102 
Tensile strength (Mpa) 5 NA 
Tensile Modulus (Mpa) 1,000 NA 
 
Table A. 3: Chemical, Mechanical, and Physical properties of flax fibre 
Chemical composition Hemi cellulose % Lignin % Pectin % Cellulose % 
11-20 2-5 1.8-2.2 64-75 







460 30 1.1-1.6 26-46 



















Appendix B: State of the art: Life cycle analysis of natural fibre 
composites 
B.1. Overview 
      In Chapter 2, the literature review, many studies were mentioned which have addressed 
the use of natural fibre as an alternative to traditional fibres for polymer reinforcement, as they 
are biodegradable and eco-friendly materials. This appendix briefly reviews the environmental 
effect of natural fibres compared with synthetic fibres. Ultimately, these results motivate 
researchers to continue to explore the potential of natural fibres in many applications.   
B.2. Brief review of life cycle analysis of natural fibre composites    
Environmental protection and sustainable development have been receiving greater 
attention and public concern in recent decades due to the earth’s climate change. Industries are 
being challenged to behave more responsibly towards the environment. Polymers and their 
composites have been involved in this sustainability issue. Due to the high cost of recycling 
and the environmental impact of carbon/glass fibre composites, the legislated concerns have 
driven research into bio-composites [1]. There are currently an increasing range of applications 
of polymeric composites with bio-reinforcements. This section reviews the life cycle 
assessment (LCA) studies on natural fibre reinforced composites as replacements for current 
glass and carbon fibre reinforcements.  
More natural fibres are used to reinforce polymers due to their environmental 
advantages over conventional fibres, especially for non-structural applications. However, none 
of the current bio-composites is strictly sustainable [2, 3]. In the planting stage, significant 
amounts of toxic pesticides and chemical fertilisers are used which can pollute the water and 
soil and affect wildlife habitats [2, 3]. Besides this, ecological disadvantages are likely to occur 
in other impact categories such as acidification and eutrophication [2, 4, 5]. Therefore when 
deciding to replace conventional reinforcement with bio-reinforcement, it is necessary to 
178 
 
understand the flow of these materials’ adverse impacts in their entire life cycles (cradle to 
grave) and develop new approaches towards sustainability [2, 3].  
Assessment of natural fibre polymeric composites in terms of their environmental cost 
by means of an LCA has been conducted by many researchers [2, 3, 5-12]. Their research 
mainly focused on the assessment of greenhouse gas (GHG) emissions, human health and 
energy demand for the polymeric composites based on natural fibres compared with glass and 
carbon fibre composites. Results demonstrate that natural fibre composites offer environmental 
benefits such as a reduced dependence on non-renewable energy/ material sources, lower GHG 
emissions, lower pollutant emissions, enhanced energy recovery, and end-of-life 
biodegradability of components. 
The environmental characteristics of the most appropriate material for a specific 
application can be determined only by taking into consideration the complete product lifecycle. 
LCA is a tool to quantify the environmental impacts of a given method, process, and product. 
It also enables us to compare different products’ environmental costs [8, 13]. Fibre reinforced 
polymeric composites can be sorted into six main LCA phases: fibre production; resin 
production; material processing; sourcing transportation; use; and end-of-life. The impact 
assessment phase of LCA can be carried out by two major indicators: 
1. Greenhouse gas protocol (GGP): this allows quantifying the amount of GHG emissions, 
by subdividing the different contributions of carbon dioxide equivalent (CO2eq) 
(biogenic, fossil, land transformation and uptake).  
2. Cumulative energy demand (CED): this is an indicator to quantify the required energy 
of the system and is usually measured by energy units (MJ), covering the whole life 
cycle, including production and construction, replacement and use phase, and end-of-
life of product. The CED standard quantifies the energy content of all different energy 
resources (renewable and non-renewable). 
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The environmental impacts of bio-composites in terms of GHG emission and energy 
savings are lower than the current synthetic based polymers. GHG and CED accounting and 
reporting are based on the principles of relevance, completeness, consistency, transparency, 
and accuracy [14]. 
B.2.1. Greenhouse Gas Protocol 
GHG emissions are driving the current global climate change. There is an urgent need 
to accelerate efforts to reduce them. For polymeric composites, environmental impact studies 
for many natural fibres such as flax [5, 15, 16], hemp [9], kenaf [7], sugarcane [11], and sisal 
[15] have been investigated. The system boundaries of these studies have included all 
emissions, direct or indirect, such as ploughing, presowing fertilisation, cutting and threshing, 
transportation process, production, use, and end-of-life phase.  
Table 1 represents some of the recent LCA studies regarding using natural fibres to 
reinforce polymers for different applications compared with currently used fibres such as glass 
and carbon fibres as a baseline. Regarding the production phase, Zampori, Dotelli and Vernelli 
[9] have assessed the sustainability of hemp polyester composite as a thermal insulator for 
building applications. The GHG emission impact for one panel is reduced by 126%, (-4.28 
CO2eq) compared with Rockwool panel. The authors stated that the main contribution to the 
final GHG emission results is given by the high amount of CO2 uptake.  In aviation and 
automotive industries, light-weighting during the life phase is an essential role in improving 
fuel consumption and reducing gas emissions [6]. Boland, De Kleine, Keoleian, Lee, Kim and 
Wallington [7] have estimated GHG emission associated with substituting kenaf fibre and 
natural cellulose in place of glass fibre in automotive components without powertrain resizing. 
Due to the consequent weight reduction of such components, the GHG emission is reduced by 
7.2% for kenaf, and 16.3% for natural cellulose. It should be noticed here that the wide 
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difference in the values of kenaf and cellulose comes from the transporting processes for the 
kenaf fibre in that study. Similar findings have been reported by Alves, Ferrão, Silva, Reis, 
Freitas, Rodrigues and Alves [10] when the glass fibre was replaced by jute fibre to produce 
the structural frontal bonnet of an off-road vehicle (a buggy). The weight was reduced by 15%, 
leading to a decreased GHG emission of about 75% compared with glass composite.  
  Most emission reductions are due to the light-weighting effect, in addition to carbon 
sequestration and the use of biomass as process energy [7, 11, 17]. Regarding the end-of-life 
phase, recycling glass and carbon fibre polymeric composites results in damage to the 
environment (used energy, chemical products, GHG emissions, etc.) [18]. The lack of 
confidence in and uncertain economic viability of recycling processes are significant key 
barriers to recycling glass fibre and carbon fibre composite materials [19]. On  the other hand, 
the end-of-life management of bio-composites by incineration with energy recovery gives other 
advantages to natural fibres, which have a positive power calorific value [5]. Therefore, using 
bio-reinforcements is favourable when the environmental impact is at a premium, especially 
for non-structural and semi-structural applications.  
B.2.2. Cumulative energy demand 
The cumulative energy demand (CED) is calculated as the primary energy consumption 
during the life cycle of a product [6, 20]. Particularly, fossil derived energy is well known for 
being responsible for global warming and the depletion of fossil resources [8, 21]. Energy 
consumed in natural fibre production accounts for around half the energy requirement, which 
is not actual energy consumption due to the production process [9]. Indeed, natural fibres are 
fast growing and depend on renewable energy, which can reduce the dependency on depleting 
fossil resources. Glass fibre, in contrast, needs high-energy inputs during its production (i.e., 
blending, melting, extruding, cooling, coating, and drying) [6, 11, 17, 22]. Alves, Ferrão, Silva, 
Reis, Freitas, Rodrigues and Alves [10] estimated the total energy demand related to the 
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replacement of glass fibres with jute fibres of polymeric composites for a buggy’s frontal 
bonnet. The study showed that using jute fibres reduced the energy demand by 14% in the 
production phase. Similarly, another study on sugarcane fibre demonstrated comparable results 
for automotive components in that the production of sugarcane bagasse-PP composite requires 
20.9 % less than the energy demand of talc-PP production [11]. Therefore, it can be concluded 
that the energy demands for bio-composite production are smaller than those for synthetic fibre 
composites, which is mainly due to the fact that they are lighter, and renewable energy is 
consume. Natural fibre production and extraction uses small amounts of fossil energy [23].  
In automotive applications, the use phase of an automotive component accounts for 
approximately 60−90% of its total life cycle of energy demand [7, 24, 25]. The materials 
production phase accounts for 8−32%, manufacturing and assembly uses 1−4%, and the rest 
comprises less than 4% [25]. During the use phase, the natural resources damage is caused by 
fossil fuel impact (about 97%) due to fuel consumption [10]. Reducing the weight of 
components will decrease the energy demand in the use and production phases. For instance, 
Le Duigou and Baley [5] reduced the weight of a car under-panel part by 6 % using 
polypropylene with flax fibre instead of glass fibre. Because of this, CED is reduced by 12 % 
compared to glass fibre composite. In another study by Akhshik, Panthapulakkal, Tjong and 
Sain [6], similar results have been found for an engine body cover when a hybrid composite of 
cellulose and carbon fibres replaced the glass fibre composite. The weight of the cover and the 
CED were reduced by about 25% and 45%, respectively. This high reduction in CED is due to 
the lightweight effect during the use phase. Other studies are summarised in Table 1.  
Regarding the end-of-life phase, increasing restrictions on waste management with 
limited possibilities for recycling polymeric composites based on synthetic fibres are 
considered the main barriers to the further use of these materials in industries. In the study 
mentioned above by Alves, Ferrão, Silva, Reis, Freitas, Rodrigues and Alves [10], the energy 
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consumption required to recycle glass composites was found to be about 74% more than the 
energy required by jute composites recycling. 
From the above results, it can be assessed that, by taking into consideration both GGP 
and CED indicators, choosing natural fibres to reinforce polymers is a more sustainable option 
compared to man-made fibres [9]. Therefore, an increase of about 54% annually in using 
natural fibres for automotive applications is expected since European car manufacturers have 
already been using them to comply with environmental directives [14, 26]. In recent years, 
North America has been widely accepting bio-composites where about 1.5 million vehicles per 









Table B. 1: Environmental concern indicators: reduction percentage of GHG emissions and consumed energy demand by using NFPCs. 
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Appendix C: Supporting information 
 
C.1. Overview 
     In the experimental tests presented in Chapters 2 and 3, the stress-strain diagrams, the 
interface temperature and the surface roughness of the wear samples were experimentally 
obtained.   This appendix presents stress-strain diagrams of epoxy and its composites, and some 
thermal images and surface roughness under different applied loads. It should be noted here 
that the surface roughness before the wear test was less than (Ra= 0.18) in the neat epoxy and 
epoxy-GNPs composites and less than (Ra= 0.80 ) in the flax/epoxy-GNP 
composites.  Concerning the interface temperature, the surrounding temperature was in the 











C1.2. Stress strain diagrams of epoxy and its composites 
 
Fig C. 1: Stress-strain diagrams for epoxy and its composites based on GNPs and/or flax 




































































































































(a) Neat epoxy (b) Epoxy-GNPs-1.5 
(c) Epoxy-GNPs-3 
(d) Epoxy-GNPs-4.5 




C1.3. Samples of the collected thermal images for epoxy and its composites at different 
applied loads 
 
Fig C. 2: Interface temperature of neat epoxy samples at different applied loads and after 6 
km of sliding distance. 
(a)15 N 
(b) 30 N 
(c) 45 N 
(d) 60 N 
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Fig C. 3: Interface temperature of Epoxy-GNPs composites at different 30N of applied load 
and after 6 km of sliding distance. 
 






          
Fig C. 4: Interface temperature of Flax/Epoxy composites at different volume fractions of 
flax fiber at 30N of applied load and after 6 km of sliding distance. 
(a) Neat epoxy 
(b) Flax/Epoxy-15 𝑉𝑓% 
(c) Flax/Epoxy-20 𝑉𝑓% 
(d) Flax/Epoxy-25 𝑉𝑓% 
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Fig C. 5: Interface temperature of Flax/Epoxy-25 Vf% composite under different of applied 




(b) 30 N 
(b) 45 N 
(b) 60 N 
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Fig C. 6: Interface temperature of Flax/Epoxy-GNPs composites at 25 Vf% of flax fiber and 
different weight fraction of GNPs (1.5 & 3 wt. %), under 30N of applied load and after 6 km 
of sliding distance. 






C1.4. surfaces roughness profiles for epoxy and its composites after the wear test and at 
different applied loads 
 
Fig C. 7: surface-roughness profiles for the neat epoxy at different of applied loads and after 
6 km of sliding distance. 
 
 
Fig C. 8: surface-roughness profiles for epoxy-GNP composites at 30 N of applied load and 












Fig C. 9: surface-roughness profiles for epoxy-GNP composites at 60 N of applied load and 
after 6 km of sliding distance. 
 
Fig C. 10: surface-roughness profiles for the flax/epoxy composite at different of applied 
















Fig C. 11: surface-roughness profiles for flax/epoxy-GNP composites at 30 N of applied load 
and after 6 km of sliding distance. 
 
Fig C. 12: surface-roughness profiles for flax/epoxy-GNP composites at 60 N of applied load 













Appendix D: FORTRAN code to simulate the adhesive wear in 
BOR configuration 
D1.1. Overview 
       This appendix presents the derivation steps for the Archard’s wear equation to implement 
and comply with the FE modelling. In addition, the Abaqus UMESHMOTION subroutine 
developed to simulate the adhesive wear process for BOR configuration for polymer-to-metal 
contact is presented. 
D1.2. Archard’s wear model 
The wear process can be considered a dynamic process, depending on several parameters and 
the prediction of that process as an initial value problem (IVP). The most commonly used 
model is based on Archard’s wear equation. It is assumed here that the wear can be estimated 
by applying Archard’s equation to local contact conditions with a differential width of the 
contact interface. Archard’s equation for sliding wear is usually expressed as: 






                       (D.1) 
where V is the worn volume, S is the sliding distance, F is the normal load, H is the hardness 
and K is the dimensionless wear rate coefficient. The equation can be expressed as the 
following e: 






                   (D.2) 
It is required here that the wear depth must be determined at each contact node of the FEM 
model to simulate the evolution of the contact surface profiles with wear progress. Therefore, 
for an infinitesimally small visible contact area, ∆A, the increment of wear depth, dhw, 
associated with an increment of the sliding distance, ds, is determined by applying (C.2) locally 
to small area ∆A for increment of sliding distance, ds: 
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                     (D.3) 
Then, dividing both sides by ∆A, the following equation results: 
 
                        
dhw
ds
= Kf. p                 (D.4) 
The F/ ∆A term is the local contact pressure, p, and dV/∆A is the increment of local wear depth, 
dhw. The prediction of the increment of local wear depth hw is achieved by the following 
equation. Where the k/H is represented by Kf, the wear rate coefficient. The total wear depth 
hw of every element could be formulated as the following equation:  
                                  hw = ∫ kf . P. dt                     (D.5) 








D1.3. A FORTRAN-UMESHMOTION code to simulate the adhesive wear for BOR 
configuration for polymer-to-metal contact. 
 
SUBROUTINE UMESHMOTION(UREF,ULOCAL,NODE,NNDOF, 
     & LNODETYPE,ALOCAL,NDIM,TIME,DTIME,PNEWDT, 
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     & KSTEP,KINC,KMESHSWEEP,JMATYP,JGVBLOCK) 
C 
      INCLUDE 'ABA_PARAM.INC' 
C 
      !standard UMESHMOTION array variables 
      !ULOCAL: Components of the mesh displacement or velocity of 
the adaptive mesh constraint node, described in the coordinate 
system ALOCAL. 
      ! ULOCAL will be passed into the routine as values determined 
by the mesh smoothing algorithm. 
      ! All components of the mesh displacement or velocity will be 
applied; i.e., you do not have the ability to select  
      !the directions in which the mesh displacement should be 
applied. 
       
      !JELEMLIST: Array of element numbers for elements connected to 
NODE.  
      !The list will contain elements only in adaptive mesh domains 
active in the step as well as any contact elements associated with 
the domain.  
      !The number of entries in this array corresponds to the 
returned value of NELEMS. 
      !TIME: indicates the current value of the timestep 
      DIMENSION ULOCAL(NDIM),JELEMLIST(1000000) 
      DIMENSION ALOCAL(NDIM,1000000),TIME(2) 
      DIMENSION JMATYP(1000000),JGVBLOCK(1000000) 
C 
C!!!!!!! Variables defined by JJM !!!!!!!!! 
      !generic program control variables 
      INTEGER::flag1,cnt1 
      !flag to designate as a master node (1) or slave (0) 
      INTEGER::master 
      ! contact pressure, shear, slip, opening, xcoord, ycoord, and 
slip over the 
      ! increment at node currently being considered 
      REAL::CPRESS,CSHEAR,CSLIP,COPEN,XCOORD,YCOORD,INCSLIP 




      !gradients 
      
REAL::CPRESS_R,CPRESS_L,INCSLIP_R,INCSLIP_L,grad_pr,grad_sl,W_TOTT,W
_TOTT_m,W1_TOTT_m,grad_sh 
      !array to hold variables passed from abaqus utilities 
      DIMENSION ARRAY(15) 
      !these variables are used in the HKS tyre wear simulation 
      INTEGER::LOCNUM,NELEMMAX 
      CHARACTER*80 PARTNAME 
      !wear distance computed for current node 
       REAL::W_dist,W_d 
      !minimum Xcoord error between current node and closest slave 
found so far 
       
      REAL::X_error, Y_error 
      common/wear/ 
     & ilastnode, !holds the last node that was visited 
     & ilastnode2, 
     & isclock, !counts how many slave nodes have been recorded 
     & imclock, !counts how many master nodes have been recorded 
      !the dimension of these arrays needs to be larger than the 
number of contact 
      !nodes 
     & snodes(300000), !record of all slave node numbers 
     & imnodes(300000), !record of all master node numbers 
     & oldslip(300000), !records the slip from the last incremnt for 
each slave node      
     & tempslip(300000), !records the slips for this increment 
(continually updated 
     & spress(300000), !records the contact pressures for all slaves 
     & sshear(300000),  
     & sxcrd(300000), !records the x coordinates for all slaves 
     & sycrd(300000), !records the y coordinates for all slaves 
     & sincslip(300000),!records the slip over the increment for all 
slaves 
     & W_TOT(300000), 
     & W_TOT_old(300000),  
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     & W_TOT_m(300000),  
     & W_TOT_old_m(300000), 
     & W1_TOT_m(300000), 
     & W1_TOT_old_m(300000), 
    
      !acts as a lookup table between the 
      !global node numbers and the above arrays 
      !therefore size needs to be bigger than the number of nodes in 
the model. 
     & slavereg(1000000), 
     & imasterreg(1000000) 
!!!!!! INITIALISE DATASETS 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 
      !initialise flag1 to 0, this allows entry to the do while 
loops 
      flag1=0 
      cnt1=1 
      !assume node is a slave as initial guess 
      master=0 
      !initialise some variables used for interpolating 
      !use a number which is exact but not realistic (for checking 
later) 
      CPRESS_L=0 
      CPRESS_R=0 
      CSHEAR_R=0 
      CSHEAR_L=0 
      INCSLIP_L=0 
      INCSLIP_R=0 
      X_L=1.001*XCOORD 
      X_R=0.999*XCOORD 
      !maximum allowed incremental nodal movement before increment 
is abandoned 
      h_crit=0.1 
      !these were copied from HKS tire wear simulation 
      NELEMMAX = 500 
      NELEMS = NELEMMAX 
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      !open external datafiles 
       
      OPEN(unit=19,file='c:\Temp\USQ\GPN4.5.txt',status='unknown') 
      
!OPEN(unit=20,file='c:\Temp\USQ\0004100slipfine50.txt',status='unkno
wn') 
      !update node logger 
      ilastnode=NODE       
!!!!!!!!!!!ABAQUS SUBROUTINES FOR RETRIEVING DATA!!!!!!!!!!!!!!!!! 
      !this is needed so that the element values can be averaged to 
the nodes 
      CALL GETNODETOELEMCONN(NODE,NELEMS,JELEMLIST,JELEMTYPE, 
     $ JRCD,JGVBLOCK) 
      LOCNUM = 0 
      JRCD = 0 
      PARTNAME = ' ' 
      !GET NODE VARIABLES using abaqus utilities:: 
      !contact stresses 
            
      CALL GETVRMAVGATNODE(NODE,JTYP,'CSTRESS',ARRAY,JRCD, 
     & JELEMLIST,NELEMS,JMATYP,JGVBLOCK) 
      CPRESS = ARRAY(1) 
      CSHEAR = ARRAY(2) 
       
      !contact displacements 
      CALL GETVRMAVGATNODE(NODE,0,'CDISP',ARRAY,JRCD, 
     & JELEMLIST,NELEMS,JMATYP,JGVBLOCK) 
      CSLIP = ARRAY(2) 
      COPEN = ARRAY(1) 
      CALL GETPARTINFO(NODE,0,PARTNAME,LOCNUM,JRCD) 
       
      !coordinates 
      CALL GETVRN(NODE,'COORD',ARRAY,JRCD,JGVBLOCK,LTRN) 
      XCOORD=ARRAY(1) 
      YCOORD=ARRAY(2) 
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      flag1=0 
       
        
      !loop to identify master nodes 
      !IF(PARTNAME=='PART-1-1')THEN 
      IF(PARTNAME=='PART-2-1')THEN 
        !this state is impossible for a slave node, so designate as 
a master 
        master=1 
        IF(imasterreg(NODE)==0)THEN 
            WRITE(18,*)'found a new master',NODE 
            imclock=imclock+1 !click on counter for next unrecorded 
slave 
            imnodes(imclock)=NODE 
            !store the element number that relates to the 
snode,spress etc 
            !array for use a a lookup 
            imasterreg(NODE)=imclock 
              
        END IF  
          !WRITE (19,*) 'CHANGING  ',node,imnodes(imclock) 
      ELSE !slave node so input new contact data 
        !check that this has been noted as a slave in external 
arrays 
        IF(slavereg(NODE)==0)THEN 
            isclock=isclock+1 !click on counter for next unrecorded 
slave 
            snodes(isclock)=NODE 
            !store the element number that relates to the 
snode,spress etc 
            !array for use a a lookup 
            slavereg(NODE)=isclock             
        END IF 
        !WRITE (19,*) 'CHANGING  ',node,snodes(isclock),master 
        




        spress(slavereg(NODE))=CPRESS 
        sshear(slavereg(NODE))=CSHEAR 
        sxcrd(slavereg(NODE))=XCOORD 
        sycrd(slavereg(NODE))=YCOORD 
        !update temporary slip log for current increment 
        tempslip(slavereg(NODE))=CSLIP 
        INCSLIP=ABS(CSLIP)-ABS(oldslip(slavereg(NODE))) 
               
      END IF 
       !WRITE (19,*) 'CHANGING  ',node,master,CPRESS,PARTNAME 
      !define an initial positional ‘error’ between current master 
node 
      !and a 'close' slave node, basically this is a large number 
      !(wrt element size on the contact surface) 
      X_error_R=0.0004 
      X_error_L=0.0004 
      !initialise indicators to show whether slave nodes have been 
      !located close to the master (one for each side) (i.e. switch 
off) 
      L_flag=0 
      R_flag=0 
      !set up a loop to link master to slave node 
      IF(master==1)THEN 
        !master node: so need to find the 2 slave nodes beside it 
        !go through each slave node in turn 
        DO cnt1=1,isclock 
            !check which side of the master node this slave node is 
on 
            IF(sxcrd(cnt1).GT.XCOORD)THEN 
            !WRITE (19,*) 'CHANGING  ',node,master,sxcrd(cnt1) 
                !this slave is on the right hand side of NODE 
                !IF(ABS(XCOORD-sxcrd(cnt1))<X_error_R)THEN 
                IF(SQRT(((XCOORD-sxcrd(cnt1))**2)+((YCOORD-
sycrd(cnt1))**2))<X_error_R)THEN 




                    !read in new closest RH slave node data 
                    CPRESS_R=spress(cnt1) 
                    CSHEAR_R=sshear(cnt1) 
                    !print*,node,CPRESS_R 
                    !new incremntal slip 
                    INCSLIP_R=tempslip(cnt1)-oldslip(cnt1) 
                    X_R=sxcrd(cnt1) 
                    !WRITE (19,*) 'CHANGING  
',node,master,INCSLIP_R,CPRESS_R 
                    !update new error between slave and node 
                    !X_error_R=ABS(XCOORD-sxcrd(cnt1)) 
                    X_error_R=SQRT(((XCOORD-
sxcrd(cnt1))**2)+((YCOORD-sycrd(cnt1))**2)) 
                    !trip flag to show that a value has been 
recorded for RH slave match 
                    R_flag=1 
                 !WRITE (19,*) 'CHANGING  
',node,master,INCSLIP_R,CPRESS_R 
                END IF 
            ELSE !this slave must be on the LH side of this master 
                !IF(ABS(XCOORD-sxcrd(cnt1))<X_error_L)THEN 
                IF(SQRT(((XCOORD-sxcrd(cnt1))**2)+((YCOORD-
sycrd(cnt1))**2))<X_error_L)THEN 
                    !read in new closest LH slave node data 
                    CPRESS_L=spress(cnt1) 
                    CSHEAR_L=sshear(cnt1) 
                    !new incremntal slip 
                    INCSLIP_L=tempslip(cnt1)-oldslip(cnt1) 
                    X_L=sxcrd(cnt1) 
                    !update new error between slave and node 
                    X_error_L=SQRT(((XCOORD-
sxcrd(cnt1))**2)+((YCOORD-sycrd(cnt1))**2)) 
                    !trip flag to show that a value has bee recorded 
for LH slave match 
                    L_flag=1 
                   
                END IF 
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            END IF 
        END DO 
        !output the matched slaves to the screen 
        !may not have got two slave matches for master (e.g. at ends 
of slave 
        !surface) 
        !therefore include logic for all possible events 
        IF(R_flag==0)THEN 
            !only matched on the left side, so use this data 
            CPRESS=CPRESS_L 
            CSHEAR=CSHEAR_L 
            INCSLIP=INCSLIP_L 
             
        END IF 
        IF(L_flag==0)THEN 
            !only matched on the right side, so use this data 
            CPRESS=CPRESS_R 
             CSHEAR=CSHEAR_R 
            INCSLIP=INCSLIP_R 
        END IF         
        IF(L_flag==0.AND.R_flag==0)THEN 
            !no match found, reset to zero 
            CPRESS=0 
            INCSLIP=0 
        END IF 
        IF(L_flag==1.AND.R_flag==1)THEN 
        !have match for two slaves, therefore can interpolate 
        grad_pr=(CPRESS_R-CPRESS_L)/(X_R-X_L)   !gradient of press 
wrt X 
        CPRESS=CPRESS_L+grad_pr*(XCOORD-X_L)    !interp. pressure at 
master node 
        grad_sh=(CSHEAR_R-CSHEAR_L)/(X_R-X_L) 
        CSHEAR=CSHEAR_L+grad_pr*(XCOORD-X_L) 




        INCSLIP=INCSLIP_L+grad_sl*(XCOORD-X_L)  !interp. slip at 
master node 
        END IF 
        END IF 
      !WRITE (19,*) node,master,ULOCAL(2),CPRESS,INCSLIP,W_dist 
      !calculate the wear distance for this node 
      !note UREF is passed from the input (.INP) file 
      W_d=ABS(CPRESS)*ABS(INCSLIP)*0.35e-14*4000 
      W_dist=ABS(INCSLIP) 
      IF(master==0)THEN      
      W_TOTT=W_dist+W_TOT_old(slavereg(NODE)) 
      W_TOT(slavereg(NODE))=W_TOTT  
      END IF      
      IF(master==1)THEN 
      W_TOTT_m=W_dist+W_TOT_old_m(imasterreg(NODE)) 
      W_TOT_m(imasterreg(NODE))=W_TOTT_m 
      END IF 
      IF(master==1)THEN 
      W1_TOTT_m=W_d+W1_TOT_old_m(imasterreg(NODE)) 
      W1_TOT_m(imasterreg(NODE))=W1_TOTT_m 
      END IF 
       
      !suppress mesh movement during the first step (normal loading) 
      IF(KSTEP==1)THEN 
        W_dist=0 
      END IF 
      !compute new nodal coordinate to next worn position 
       
            
      ULOCAL(2)=ULOCAL(2)-W_d 
      IF(master==1)THEN 
      !WRITE (20,*) node,master,W_dist,W_TOTT_m 
       
      WRITE (19,*) node,master,W_d,W1_TOTT_m 
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      END IF 
      !check to see if convergence control is needed (i.e to reign 
back in wear 
      !instability 
      !IF (W_dist.GT.h_crit) THEN 
        !save the old increment 
        !PNEWDT_0=PNEWDT 
        !Find out the fraction by which we are over 
        !suggest the increment to be a little smaller than that 
idicated by the limit 
        !(assuming linearity - extrapolate back) 
        !PNEWDT_1=0.99*h_crit/W_dist 
        !IF(PNEWDT_1.LT.PNEWDT_0)THEN 
            !this increment will now be abandoned by abaqus, it will 
restart at a 
            !smaller increment change 
            !PNEWDT=PNEWDT_1 
            !record incremnt adjustment in msg file 
            !WRITE (7,*) 'CHANGING TIME INCREMENT FROM ',PNEWDT_0 
            !WRITE (7,*) 'TO ',PNEWDT 
            !WRITE (7,*) 'BASED ON NODE ',NODE 
        !END IF 
      !END IF 
      !print contact conditions if its a slave node 
      IF(master==0)THEN 
       
WRITE(18,1000),NODE,CPRESS,CSHEAR,master,oldslip(slavereg(NODE)), 
     & INCSLIP,W_dist,XCOORD,YCOORD 
      ELSE IF(master==1)THEN 
       
WRITE(16,1000),NODE,CPRESS,CSHEAR,master,oldslip(slavereg(NODE)), 
     & INCSLIP,W_dist,XCOORD,YCOORD 
      END IF 
      !need to write some coordinate positions for the SWT analysis 
to define the 
      !morphology of slave surface. We only write this data at 
beginning of every 
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      !loadstep 
      IF(KINC==1)THEN 
        IF(snodes(1)==NODE)THEN 
            WRITE(17,*),'LOADSTEP',KSTEP 
        END IF 
        WRITE(17,*),'0 ','0',XCOORD,YCOORD 
      END IF 
      !WRITE (19,*) 'CHANGING  ',node,imnodes(imclock) 
      !END IF 
      !the old slip data should only be updated after all master 
nodes have been dealt 
      !with in this increment. In this way, we will not update 
information before the 
      !masters 
      !have been moved. Slaves are not sensitive to this issue as 
they always have a 
      !new contact data to enter. 
      !IF(NODE==imnodes(imclock))THEN 
      IF(NODE==14327)THEN 
        !reset the incremental slip values for the new increment 
        DO cnt1=1,isclock 
            oldslip(cnt1)=tempslip(cnt1)         
        END DO 
        DO cnt1=1,isclock 
            W_TOT_old(cnt1)=W_TOT(cnt1)         
        END DO 
        DO cnt1=1,imclock 
            W_TOT_old_m(cnt1)=W_TOT_m(cnt1) 
            
        END DO 
        DO cnt1=1,imclock 
            W1_TOT_old_m(cnt1)=W1_TOT_m(cnt1) 
             
        END DO 
        !write header for increment in slave contact output 
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        IF(master==1)THEN 
            WRITE(16,*),'LOADSTEP',KSTEP,'INCREMENT ',KINC 
            WRITE(16,*),ilastnode, isclock 
            WRITE(16,*),'NODE CPRESS CSHEAR COPEN CSLIP XCOORD 
YCOORD' 
            !now write header for increment in master contact_out 
            WRITE(18,*),'LOADSTEP',KSTEP,'INCREMENT ',KINC 
            WRITE(18,*),ilastnode, isclock 
            WRITE(18,*),'NODE CPRESS CSHEAR COPEN CSLIP XCOORD 
YCOORD' 
        END IF 
      END IF 
        ilastnode2=NODE 
        !format statements 
        !contact/wear output to the data file 
1000    FORMAT(i5,1x,e13.6,1x,e13.6,1x,i3,1x,e13.6, 
     &  1x,e13.6,1x,e13.6,1x,e13.6,1x,e13.6) 
2000    FORMAT(i5,1x,e13.6,1x,e13.6,1x,e13.6,1x,e13.6,1x,e13.6) 
      RETURN 
      END             
 
















Appendix E: Conference presentation 
E1.1. Overview 
      The major outcomes of this study were presented at the twenty-second International 
Conference on Composite Materials (ICCM22), when the researcher aimed to receive feedback 
about this study from experts in this field. A brief description of this conference is presented 
below.  
E1.2. Conference paper: Experimental and numerical study on wear performance of 
eco-hybrid epoxy composite 
 
       K.Y. Eayal Awwad, B. F. Yousif, Xuesen Zeng, Khosro Fallahnezhad, Khalid Saleh, 
“experimental and numerical study on wear performance of eco-hybrid epoxy composite,” 
Twenty-second International Conference on Composite materials (ICCM22), 11 – 16 August 
2019, Melbourne, Australia. 
Abstract: This study aims to investigate the effect of the combinations between graphene 
nanoplatelets (GNPs) and flax fibre on the adhesive wear performance and mechanical 
performances of epoxy-based composites. In this study, a 2D modelling of the adhesive wear 
mechanism for a block on ring configuration was simulated, based on Archard’s wear equation. 
The UMESHMOTION subroutine was coded using Fortran and then linked with Abaqus 
software to describe the adhesive wear test mechanism. The overall effects of temperature and 
hardness were taken into account by the use of the wear coefficient obtained by experimental 
tests. The simulation results were verified with the experimental results, showing high accuracy 
in the range of ± 13% compared with the experimental results. The stress field distributions 
that applied on the wear profile of the samples were analysed. 
     In this study, the effect of GNPs, flax fibre and their incorporation effect on mechanical and 
tribological properties were studied. Concerning the tribological properties, the wear test was 
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conducted at only the mild wear region, i.e., at 30N of the applied load. The experimental 
results showed the positive impact of GNP additions on the wear and frictional behaviours of 
epoxy. However, it was found that the GNPs’ addition exhibited a pronounced reduction in 
epoxy’s mechanical strength. Flax fibre was used as a reinforcement for epoxy and epoxy-GNP 
matrices, and its effect on both mechanical and tribological properties was investigated. To 
summarise, the incorporation between the GNPs and flax fibre exhibited a comparable wear 
performance to that of epoxy-GNP composites. Furthermore, the flax-GNP/epoxy composite 
exhibited excellence mechanical properties compared with the neat epoxy and the epoxy-GNP 
matrices. 
     An FE model was developed in this study using Abaqus software and a Fortran-
UMESHMOTION code in order to simulate the adhesive wear process of the developed 
composites sliding against stainless steel in a BOR configuration system. The simulation results 
were validated with the experimental results, with the percentage error less than ± 13%. The 
most interesting finding concerns the effect of stress concentration in the wear mechanism. The 
wear profile has been categorised into two sections in which the stress concentration has a 
pivotal role. The first is a critical area in which the mechanical stresses are highly concentrated. 
The second is a normal area. This is the largest area of the wear profile and it is subjected to 
the contacting pressure. Experimentally, SEM micrographs confirmed this result. Severe wear 
signs were noted at the critical areas while for all samples the normal areas suffered lesser wear 
signs. 
 
